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ABSTRACT 
Distinct brain regions process innocuous vibration and cutaneous heat pain. The role of 
these areas in the perception of pain is still a matter of debate; and the role of these 
areas in the mediation of memory of somatosensory stimuli is uncertain and has not 
been studied with brain imaging in healthy human volunteers. Ali experiments 
described here, involved an experimental design, which included a delayed-
discrimination paradigm and functional magnetic resonance imaging (fMRI). In 
manuscript #1, we aimed at unraveling the cerebral correlates of attention and spatial 
localization of innocuous vibrotactile stimuli applied to the right volar surface of the 
forearm. In this study, we report that increased degrees of attention to the vibrotactile 
stimuli were associated with heightened levels of activation in several brain areas. In 
manuscript #2, we investigated the short-term memory for sensory aspects (intensity 
and location) of cutaneous heat pain delivered to two areas (thenar and hypothenar 
eminences) of the palm of the right hand. In this experiment, the memory and control 
trials were presented in blocks, whereby the subjects could predict what trials were 
going to follow. This study revealed that the presentation of painful stimuli evoked 
activation in different brain regions than those activated during the online maintenance 
(interstimulus interval or ISI) of the intensity and spatial features of those stimuli; a 
process, which 1 will refer to short-term memory. In manuscript #3, we investigated 
again short-terrn memory for sensory aspects of heat pain (as in manuscript #2), but in 
this case, the memory and control trials were presented in a randomized order. In this 
study, we found that the perception and short-term memory of pain were processed by 
a comparable network of areas. The predictability of the memory and control trials may 
have contributed to these findings. 
8 
RÉSUMÉ 
La vibration inoffensive ainsi que la chaleur douloureuse cutanée sont traitées par 
différentes régions du cerveau. Le rôle de ces régions dans la perception de la douleur 
est controversé; et le rôle de ces régions dans la mémoire des stimuli somatosensoriels 
est incertain et n'a jamais encore été étudié en imagerie cérébrale chez des sujets 
humains sains. Le design expérimental de toutes les études décrites ici comprenait un 
paradigme de 'delayed-discrimination' et l'imagerie par résonance magnétique 
fonctionnelle (IRMf). L'étude #1 visait à élucider les corrélats cérébraux de l'attention et 
de la localisation spatiale des stimuli vibrotactiles inoffensifs présentés à la face 
antérieure de l'avant-bras droit. Dans cette étude, nous avons trouvé que des degrés 
élevés d'attention portée aux stimuli vibrotactiles étaient associés à des niveaux accrus 
d'activation dans plusieurs zones du cerveau. Dans l'étude #2, nous avons enquêté sur 
la mémoire à court-terme des caractéristiques sensorielles (intensité et emplacement) 
de la chaleur douloureuse cutanée présentée à deux endroits (éminences thénar et 
hypothénar) de la paume de la main droite. Dans cette étude, les essais mémoire et 
contrôle étaient présentés en bloc, ou de sorte que les participants pouvaient prévoir de 
quel type serait le prochain essai. Cette étude a révélé que la présentation des stimuli 
douloureux a évoqué une activation de différentes régions cérébrales que celles qui 
étaient activées lors de la rétention de l'intensité et de l'emplacement des stimulations 
durant l'intervalle inter-stimuli (liS); un processus que je qualifierai de mémoire à court-
terme. Dans l'étude #3, nous avons également enquêté sur la 'mémoire à court-terme 
des aspects sensoriels de la chaleur douloureuse (tout comme dans l'étude #2), mais 
dans ce cas, les essais mémoire et contrôle étaient présentés de façon aléatoire. Dans 
cette étude, nous avons trouvé que la perception de la douleur ainsi que la mémoire à 
court-terme de la douleur étaient traitées par un réseau de régions semblable. La 
prévisibilité des essais mémoire et contrôle peut avoir contribué à ce résultat. 
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1 Chapter 1: INTRODUCTION 
1.1 Introduction: Rationale and objectives of the research 
Rationale 
The rationale for conducting this research stems from the following two scientific 
questions. First, although there is a wealth of funclional neuroimaging evidence in 
humans on the different brain areas, commonly referred to as the 'pain network', 
associated with the presentation of painful stimuli, the cerebral processes and 
mechanisms mediating the experience of pain are still a matter of ongoing debate. 
More importantly, the exact role of each brain structure of the network responsible for 
the encoding of sensory and affective aspects of a noxious stimulus has yet to be fully 
elucidated. It is generally assumed that the primary (SI) and secondary (Sil) 
somatosensory cortices process the sensory features of painful stimuli, such as the 
intensity of the stimulation and its location on the body. Sorne controversy exists, 
however, regarding the involvement of SI in the perception of pain (Bushnell et aL, 
1999;Brooks et aL, 2005). On the other hand, the anterior cingulate cortex (ACC) and 
to a lesser extent the insular cortex (IC), are thought to encode the affective and 
emotional aspects of pain, namely the unpleasantness of the stimuli (Rainville et aL, 
1997;Apkarian et aL, 2005;Christmann et al., 2006). Interestingly, the ACC's 
involvement in the processing of emotional aspects is not limited to physical pain, but to 
empathy (Singer et aL, 2004), and to the 'pain' associated with social exclusion 
(Eisenberger et aL, 2003). In addition to coding emotional and cognitive demands 
(Davis et aL, 2005), the ACC has also been implicated in experiments that do not 
involve pain, such as conflict detection in task-switching paradigms (Haddon and 
Killcross, 2006;Liston et aL, 2006). 
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The IC, particularly the anterior portion of the IC in the right hemisphere, is also involved 
in many other cognitive processes, not necessarily related to the unpleasantness 
associated with pain. For example, it has been implicated in the rating of the intensity of 
innocuous warm stimuli (Olausson et aL, 2005), the perception of innocuous cooling 
(Craig et aL, 2000;Hua et aL, 2005), vibration (Burton et aL, 1993), touch (Davis et aL, 
1998;Olausson et aL, 2002;Blakemore et aL, 2005), interoception (Le. the feeling or 
attention to the physiological condition of the body) (Craig, 2002;Craig, 2003), as weil as 
the recognition of salient sensory (visual, auditory, and innocuous tactile) stimuli 
(Oownar et aL, 2000;Oownar et al., 2002). 
As was mentioned previously, the tirst reason for the present studies pertained to the 
debate that surrounds the exact involvement and processing of the different areas 
constituting the 'pain network' in the experience of pain. The second, and perhaps most 
important, reason for the present studies is that the cerebral regions sub-serving 
memory for pain remain essentially unknown. Why study memory for pain? The 
answer to this question is rooted in the very nature of pain and its management. Pain is 
usually associated with an overwhelming majority of diseases and is the most common 
reason to seek medical attention. In fact, according to the International Association for 
the Study of Pain, more than 70 million health/medical visits each year in the United 
States are related to pain management. In the case of chronic pain patients, they are 
often asked to produce a retrospective rating of the intensity of their pain during their 
medical appointments at pain clinics. But how weil can we remember pain, and for how 
long? More importantly, which brain regions mediate the ability to remember pain? 
To address the question of memory for pain (manuscripts #2 and #3), we initially 
performed an experiment using innocuous vibrotactile stimuli (manuscript #1). The 
main objective of this investigation was to detect a signiticant increase in blood oxygen 
level dependent (BOlO) signal in SI in response to an innocuous somatosensory 
stimulus. There exists an ongoing debate as to the role SI plays in the processing of 
15 
sensory-discriminative features of somatic sensation: does SI process intensity or 
spatial aspects of stimulation, or both? The tindings from manuscript #1 helped us retine 
the experimental design for the two pain studies. We used innocuous vibrotactile stimuli 
for the tirst experiment for a practical reason. The vibrotactile stimulators are small, 
light and consequently more portable, and require only one computer to run. In 
addition, pilot studies had been conducted for the vibrotactile stimulators to reduce the 
levels of Radio-Frequency noise and artefacts when placed in the magnetic resonance 
scanner. Moreover, although it may seem paradoxical, we often get stronger fMRI 
signal with innocuous tactile than with heat pain stimuli. Finally, we thought that it would 
be an advantage to acquire additional information on mechanical innocuous tactile 
stimuli, which would potentially enhance the generalizability of the results on modulation 
of cognitive factors such as attention on stimulus-evoked cerebral activation levels. 
The tirst experiment focused on the modulatory role of attention to innocuous 
somatosensory stimuli on activation levels of certain brain areas (SI and le) in healthy 
subjects. The last two studies investigated the neural basis of short-term memory for 
pain in healthy participants. To our knowledge, this is the tirst attempt at investigating 
the neural basis of short-term memory for noxious sensory stimuli in humans, using 
functional magnetic resonance imaging (fMRI). We restricted our subject selection to 
healthy, human participants as a tirst step to study these cerebral processes in normal, 
disease-free brains. The generalization of the results presented here to the clinical pain 
patient population is still premature and certainly beyond the scope of this thesis. 
As mentioned previously, the central aim of this dissertation was to identify the cerebral 
correlates sub-serving short-term memory for noxious cutaneous stimuli. In fact, the 
cerebral areas involved in the maintenance of sensory characteristics of somatosensory 
stimuli in short-term memory, have largely been unexplored. 
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It is important to mention that the three (3) event-related functional magnetic resonance 
imaging (fMRI) studies included in this thesis are a subset of a larger group of fMRI 
studies on somatosensory processing that were conducted in our laboratory. The 
objective of these studies was to investigate different aspects of processing of 
innocuous tactile and noxious thermal stimuli in healthy human participants. One such 
fMRI study ("Study A", not reported in this dissertation) investigated short-term memory 
for innocuous vibrotactile stimuli presented on the left (non-dominant) and right 
(dominant) hand of healthy subjects. This study used a randomized trial presentation 
(experimental trials randomly intermixed with control trials) and compared the short-term 
memory and laterality effects of innocuous vibrotactile stimuli. Another fMRI study 
("Study B", not reported in this dissertation) investigated the short-term memory of 
innocuous warm stimuli delivered in trials that were presented in a predictable (or 
"block") manner. Study "B" used innocuous thermal somatosensory stimuli, and is the 
counterpart of manuscript #2, which is included in Chapter 3 of this dissertation. The 
last fMRI study ("Study C", not reported in this dissertation) investigated the short-term 
memory of innocuous warm stimuli delivered in trials that were presented in an 
unpredictable (or randomized) manner. Study "C" used innocuous thermal 
somatosensory stimuli, and is the counterpart of manuscript #3, which is included in 
Chapter 4 of this dissertation. The experimental design of the two studies using noxious 
stimuli included in this thesis (manuscripts #2 and #3) evolved partly from the 
vibrotactile study included as manuscript #1 of this thesis. 
The studies in this dissertation also address the issue of experimental design, or more 
specifically the possible different modes of presentation (predictable task demands 
associated with a block of similar trials; unpredictable order of tasks as presented within 
a randomized design) of experimental and control trials during scanning. In particular, 
we were interested in determining if a predictable (presentation of one block of 6 
experimental trials, followed by the presentation of another block of 6 control trials) trial 
order influenced either the behavioural performance or the cerebral activation patterns, 
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compared to an unpredictable (randomized presentation of experimental and control 
trials) trial order. 
Oblectives 
For the tirst study (manuscript #1) we decided to investigate the effect of different levels 
of attention to vibrotactile stimuli applied on the volar surface of the right forearm on the 
pattern of cerebral activation of healthy subjects. We designed three tasks each with 
different cognitive and psychophysical demands to investigate this matter. In particular, 
the localization task required the subjects to encode only the spatial features of the 
stimulus, without paying attention to the frequency of the vibration. To our knowledge, 
this is the tirst study separating localization from frequency processing of innocuous 
tactile stimulation. Somatosensory-related activation levels within different brain areas, 
particularly parietal areas and IC, may be modulated by the context within which the 
tactile stimuli are delivered, such as the level of attention demand and how much the 
subject is engaged during the task. The objectives of this experiment were to contrast 
the effect of different tasks (detection of the end of the stimulus, localization of the 
stimulus, and tinally passive perception) and to examine their cerebral correlates. 
The objectives of manuscripts #2 and #3 dealt exclusively with the cerebral correlates of 
short-term memory for cutaneous heat pain applied to the right hand of healthy human 
volunteers. In manuscript #2, each run consisted of a block of memory trials and a 
block of control trials that were presented in a counterbalanced, but predictable fashion. 
ln this experiment, subjects could predict the upcoming trial, because they were 
presented in a 'block' order. In manuscript #3, we randomly interleaved memory with 
control trials, 50 that subjects could not predict the upcoming trial. We manipulated the 
predictability of the trials to investigate its potential influence on the neural coding of 
short-term memory for pain. 
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1.2 Innocuous vibration 
The sense of vibration arises from a sinusoidal oscillation of objects placed on the skin 
and is first encoded by skin mechanoreceptors, which are sensitive to a specifie range 
of frequencies of stimulation (Gardner et al., 2000;Johansen-Berg and Lloyd, 2000). 
For example, Merkel disk receptors are tuned to maximally respond to low frequency 
stimulation (5-15Hz), Meissner's corpuscles are activated by medium frequencies (20-
50Hz), and Pacinian corpuscles detect high (60-400Hz) frequencies (Gardner et aL, 
2000). Ruffini endings also detect high (400Hz) frequencies (Verrillo and Bolanowski, 
2003). The vibration input is conveyed from the periphery to the brain via the dorsal 
column-mediallemniscal pathway (Fig. 1-1). 
Previous positron emission tomography (PET) studies in healthy human participants 
have shown that innocuous cutaneous vibrotactile stimuli are processed by the primary 
somatosensory cortex (SI) (Fox et aL, 1987;Meyer et aL, 1991 ;Seitz and Roland, 1992) 
and by the secondary somatosensory cortex (Sil) (Coghill et aL, 1994). Functional 
magnetic resonance imaging (fMRI) studies of innocuous tactile stimulation in humans 
have shown activation in a number of areas, such as the primary and secondary 
somatosensory cortices (SI and Sil), and posterior parietal cortex (PPC) (Disbrow et aL, 
1998;Gelnar et al., 1999;Burton and Sinclair, 2000;Francis et aL, 2000;Bonhomme et 
aL, 2001 ;McGlone et aL, 2002;Burton et al., 2004;Nelson et aL, 2004a;Golaszewski et 
al., 2006). In addition, the posterior insular cortex has also been implicated in tactile 
perception (Burton et aL, 1993;Davis et aL, 1998;Francis et aL, 2000;McGlone et aL, 
2002;Golaszewski et aL, 2006). 
1.2.1 Hemispheric lateralization of innocuous vibration 
The contralateral SI processes primarily tactile stimuli applied to one side of the body. 
However, there is increasing evidence for bilateral representation of the fingers 
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associated with innocuous electrical (Kurth et aL, 1998) and tactile stimulation, (Hansson 
and Brismar, 1999). Moreover, tactile information from the hands is transferred to both 
human contralateral and ipsilateral SI (Schnitzler et aL, 1995), suggesting that inter-
hemispheric transfer of tactile information may account for the integration of 
somesthesic input during the concomitant use of both hands in humans and primates 
(Schnitzler et aL, 1995). This finding is corroborated by the existence of neurons with 
bilateral receptive fields on the hands in monkey SI (Iwamura et al., 1994), and by the 
ipsilateral input of the hand in monkey SI (Lipton et aL, 2006). In humans, the 
contralateral SI representation of the right hand of right-handers is much greater than 
that of their left hand as recorded by somatosensory evoked magnetic fields suggesting 
that SI is subject to a functional asymmetry (Soros et al., 1999). Jung and colleagues 
(Jung et aL, 2003) showed that the somatosensory evoked potentials following median 
nerve stimulation were stronger in left SI, and this asymmetry was unrelated to either 
handedness or SI morphometric differences. In the cat, flutter stimulation of both 
forepaws was associated with a lower optical imaging signal in SI (Tommerdahl et aL, 
2005b) and anterior 511 (Tommerdahl et aL, 2005c) compared to when the stimulus was 
delivered contralaterally. 
1.2.2 Short-term memory of innocuous vibration 
Although the processing of innocuous vibrotactile stimuli at the cortical level is weil 
understood, little is known about the neural correlates of short-term memory of 
somatosensory stimuli. Short-term memory for somatosensory stimuli refers to the 
transient maintenance of sensory information necessary to perform a delayed 
discrimination task (Baddeley, 2000). Brain imaging and lesion studies of sensory 
short-term memory have generally emphasized regions in sensory-specific cortex, as 
weil as the prefrontal cortex, an area usually associated with working memory; for a 
review, see (Pasternak and Greenlee, 2005). Using transcranial magnetic stimulation 
(TMS), Harris and colleagues (Harris et aL, 2002) showed that primary somatosensory 
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cortex (SI) transiently holds in memory sensory aspects of a vibrotactile stimulus 
delivered to fingers of the dominant, right hand in the context of a delayed-
discrimination task. This interpretation of the role of SI in memory of vibrotactile stimuli 
is disputed by the findings of Romo and colleagues in monkeys (Luna et al., 2005;Romo 
and Salinas, 2003). 
1.3 Cutaneous heat pain 
The parietal cortex remains one of the least successfully explored cytoarchitectonic 
regions of the human cerebral cortex (Zilles and Palomero-Gallagher, 2001), and its 
exact role in the conscious experience of pain is still an ongoing debate (Roland, 
1992;Duncan et aL, 1992;Stea and Apkarian, 1992;Bushnell et aL, 1999). The parietal 
lobe, demarcated anteriorly by the central sulcus and posteriorly by the parieto-occipital 
fissure (Duvemoy, 1999), is described by Brodmann as comprising the postcentral and 
the parietal regions (Brodmann, 1909). Within the parietal lobe, three functional 
subregions have been recognized for their complementary roles in the processing of 
innocuous somatosensory stimuli: the primary somatosensory cortex (SI) within 
Brodmann areas (BA) 3, 1 and 2 of the postcentral region; the secondary 
somatosensory cortex (Sil), generally considered to occupy BA 43 in the parietal 
operculum; and the posterior parietal region-especially BA 5 (Kaas and Collins, 
2003;Kalaska et aL, 2003;Sakata, 2003). In contra st to the wealth of evidence 
demonstrating the importance of these regions in the processing of innocuous stimuli, 
little consensus exists conceming their possible roles in the human perception of pain. 
Undoubtedly, the major reason for this difficulty in elucidating cerebral mechanisms of 
pain-parietal or otherwise-is the complex nature of pain perception, itself. The 
characterization of 'pain' has been a puzzle for generations of scholars and scientists 
and has ranged from the Aristotelean concept of pain as an emotion, apart from the 
senses, to the recent emphasis on pain as an interoceptive signal for maintaining 
21 
homeostasis (Craig, 2002). Throughout much of the twentieth century, however, pain 
has been recognized as a multidimensional phenomenon, rather than a single emotion 
or a simple sensation. Certainly, an emotional component of pain perception is a key 
factor that facilitates the motivation and learning that helps an organism avoid noxious, 
tissue-damaging stimuli. Likewise, monitoring the intensity and location of noxious 
stimuli is an important factor in the sensory-motor integration required to plan and 
execute avoidance and escape responses. But while the processing of sensory aspects 
of nociceptive information by the somatosensory cortices is an intuitively compelling 
proposition, experimental and clinical data have not always yielded convincing 
evidence. 
1.3.3 Lesions and electrical stimulation of the parietal cortex 
Observation of sensory and behavioural sequelae in patients with cortical wounds, 
surgical resections, and epilepsy shaped early concepts concerning the possible role 
ascribed to the human cerebral cortex in the experience of pain. At the beginning of the 
20th century, initial studies of 'faradic' (electrical) stimulation of the human cortex 
established that stimulating the postcentral region elicited tactile sensations, but not 
pain (Cushing, 1909). The conscious experience of pain was thought to occur at the 
thalamic level (Head and Holmes, 1911), with "little if any cortical representation" 
(Penfield and Boldrey, 1937). By the middle of the 20th century, an opposing view 
began to emerge when J. Marshall (Marshall, 1951) presented several cases involving 
soldiers, with superficial wounds involving the parietal cortex, who suffered from either 
an impairment of pain or temperature sense. He, thus, concluded that the cortex is 
needed for an appreciation of pain and that small, but not large lesions, seemed to 
interfere with pain perception. Similarly, Lewin & Phillips (LEWIN and PHILLlPS, 1952) 
found that electrical stimulation of the postcentral gyrus, in patients suffering from 
phantom limb pain, elicited a sensation of spontaneous pain. They concluded, 
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however, that in normal uninjured individuals, a conscious appreciation of painful 
peripheral stimuli did not necessarily involve the primary somatosensory cortex. 
Although these early lesion and cortical stimulation studies are seminal in their 
importance, their results are not easily compared or interpreted. Without modern, in 
vivo anatomical techniques, the exact localization of the lesion or resected cortical area 
is not easily specified. Moreover, clinicians and researchers, without a full appreciation 
of the complex nature of pain, may not ask the appropriate questions, and their patients' 
responses may not reflect a uniform component of the perceptual experience. 
More recent case studies have contributed additional evidence regarding the 
involvement of the parietal lobes in pain perception. Soria and Fine (Soria and Fine, 
1991) reported the case of a hypertensive male with hyperpathic pain in the right arm, 
accompanied by right hemiparesis and a right hemisensory syndrome consequent to a 
lacunar infarct in the left thalamus. This chronic pain condition disappeared following a 
second cerebrovascular accident, which damaged the subcortical parietal white matter 
of the left corona radiata, further interrupting thalamoparietal connections. In 1997, 
Potagas and colleagues (Potagas et aL, 1997) described the case of a young woman 
who developed episodic pain in her right arm caused by a subcortical tumour in the left 
parietal operculum; the pain resolved following surgical excision of the glioma. These 
two studies suggest that the interruption of normal communication between thalamus 
and the parietallobe-either from the tumour-related compression of thalamoparietal 
fibres (Potagas et aL, 1997) or from damage to the thalamus, itself (Soria and Fine, 
1991}-can be a causative factor in the development of chronic pain. These studies also 
iIIustrate the complex nature of central pain syndromes-in one case chronic pain is 
relieved when thalamoparietal communication is restored by removal of the tumour 
(Potagas et al., 1997), while in the other, chronic pain disappears upon further 
disruption of the thalamoparietal communication (Soria and Fine, 1991). 
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Lesion studies that incorporate psychophysical methods to assess the patients' 
responses to noxious stimuli shed additional light on the role of the parietal lobes in 
normal pain perception. Greenspan and Winfield (1991) reported the case history of a 
patient with a tumour located near the most posterior portion of the insula and parietal 
operculum (Greenspan and Winfield, 1992). Psychophysical testing before any surgical 
intervention revealed deficits in both pain and tactile perception (similar to those 
described by Bassetti and colleagues as a pseudo-thalamic sensory syndrome (Bassetti 
et al., 1993)); following surgical removal of the tumour, the patient's perceptual 
capacities retumed to normal, suggesting to the authors that Sil and the posterior 
insular region are essential for the normal pain and tactile perception (Greenspan and 
Winfield, 1992). In a more recent report, Ploner and colleagues (Ploner et al., 1999) 
described a patient who had suffered a selective ischemic lesion involving the right 
postcentral gyrus and parietal operculum, encompassing the hand area of primary (SI) 
and secondary (Sil) somatosensory cortices. The patient's symptoms included 
hypaesthesia of the left foot, leg, and face, as weil as anaesthesia of the left hand and 
arm such that innocuous thermal stimuli did not evoke any sensation. Although unable 
to describe the quality, location or intensity of either warm or painful stimuli presented to 
the anaesthetic limb, the patient, nevertheless, complained of a "clearly unpleasant" 
feeling that he wanted to avoid in response to noxious levels of stimulation. This 
selective impairment of the sensory-discriminative aspects of pain sensation, associated 
with a restricted lesion within cortical somatosensory areas, suggests a specialization of 
nociceptive processing within these anterior regions of the parietal lobe. These findings 
are consistent with the segregation of pain pathways, proposed by Albe-Fessard (Albe-
Fessard et al., 1985), into a lateral, sensory-discriminative pain system, composed of 
the lateral thalamic nuclei, SI and Sil (Kenshalo and WiIIis, 1991), and a medial 
motivational-affective pain system, composed of the medial thalamic nuclei and of the 
anterior cingulate gyrus (Vogt et al., 1993). 
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Supporting this division of nociceptive processing, Greenspan and colleagues 
(Greenspan et al., 1999) recently assessed 6 patients suffering trom unilaterallesions to 
the parietal operculum or insula. In these patients, impairments in pain threshold 
(decreased ability to identify noxious stimuli as painful) were associated only with 
lesions of the contralateral posterior parietal operculum, while disturbances in 
motivational and affective responses to noxious stimuli (as indicated bya cold pain 
tolerance test) were associated with lesions of the insula. While these studies lend 
support to the notion of a critical role for the parietal lobes in pain perception, their 
implications are limited by problems inherent in human lesion data- Le., difficulty in 
determining the precise delineation of the cortical lesions, possible damage to fibres of 
passage altering the function of distant regions, and the problematic situation of 
predicting normal cortical function based on abnormal and possibly compensatory 
behaviour observed consequent to cortical damage. 
1.3.4 Parietal lobe epilepsy 
ln the 20th century, the study of patients inflicted with epilepsy was one of the more 
fruitful approaches to investigating human cerebral function (see, for example, (Penfield 
and Boldrey, 1937)). Physicians came to understand that the natural progression of an 
epileptic seizure presented a potential portal through which one cou Id observe the 
behavioural and sensory consequences of regional cerebral activation. From the 
patient's realization of the initial aura, to the onset of the seizure itself, a stereotypical 
pattern of perceptions emerges from the abnormal (but naturally occurring) focus of 
neuronal hyperactivity-the epileptogenic focus. The precise region of cerebral cortex 
associated with the patient's particular perceptual symptom cou Id be approximated 
anatomically by localizing the brain tumour, the most common etiology for parietal lobe 
epilepsy (for a review, see (Siegel and Williamson, 2000)), or by directly recording 
neuronal activity from the epileptogenic focus. Likewise, direct electrical stimulation, in 
the awake patient, of the cortex around the epileptogenic region (as a preliminary phase 
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of surgical excision), provided a wealth of information regarding perceptual, behavioural, 
and emotional consequences of activating (albeit, in an artificial fashion) selected 
regions of cerebral cortex. 
ln general, the perception of pain is an extremely rare consequence of seizure activity, 
or of electrical stimulation of the cerebral cortex (Penfield and Boldrey, 1937), as cited 
above-suggesting to early researchers that pain perception was likely a subcortical 
function. However, although less than 3% ail epileptic patients suffer from ictal pain 
(Young and Blume, 1983), the proportion is remarkably greater (23.6%) when 
considering patients specifically diagnosed with parietal epilepsy (Mauguiere and 
Courjon, 1978). In addition, painful somatosensory auras, preceding parietal lobe 
seizures, are manifest contralateral to the epileptic hemisphere in perirolandic parietal 
epilepsy (Nair et al., 2001), but not consistently in temporal lobe epilepsy (Young and 
Blume, 1983). Nair and colleagues suggest that these painful auras more likely 
originate in SI, rather than in Sil where receptive fields are generally found to be larger 
and often bilateral, and conclude that the effectiveness of focal cortical resections in 
reducing both aurai and ictal somatosensory pain argues for a cortical representation of 
pain (Nair et al., 2001). 
The perception of pain during seizures (ictal pain) has been recognized for over a 
century (Reynolds, 1861; Gowers, 1901, cited in (Siegel and Williamson, 2000)). The 
most prevalent type of pain is a buming dysesthesia that is localized to the abdomen or 
to part or ail of the contralateral hemibody. A recent case report described ictal 
abdominal pain in a patient suffering trom simple partial seizures associated with an 
acute hemorrhage in the right pre- and postcentral gyri (Phan et al., 2001). The authors 
concluded that Sllikely mediated the ictal pain, since the hemorrhage was far from Sil, 
anterior cingulate cortex (ACC), and insula. Moreover, the patient did not have a 
'psychic' aura (e.g. fear), usually associated with posterior parietal lobe seizures (Phan 
et aL, 2001). 
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While information gleamed from case histories of epilepsy suggests a critical role for the 
parietal lobes in the perception of pain, one must remain aware of the limitations of such 
research. The perceptions described by patients resulting from the aurai or ictal phase 
of a seizure, as weil as those resulting from electrical stimulation of the cortex near an 
epileptic focus, may reflect how the brain adjusts to a pathological condition rather than 
how the brain normally functions. The intricate organization of the cerebral cortex in 
general, and the potential interaction of the many regions of the cortex-especially in 
processing the multifaceted aspects of nociceptive behaviour-suggest that spatial 
summation of electrical or ictal stimulation is not necessarily the normal manner in 
which the brain processes nociceptive information. 
1.4 Brain imaging studies of pain perception 
Modern brain-imaging has added an important perspective to the field of pain research, 
allowing an opportunity to investigate possible cerebral mechanisms of pain in awake 
normal subjects by recording simultaneously across the entire brain changes in function 
related to the presentation of noxious stimuli. The closing years of the 20th century saw 
refinements in brain imaging techniques such as positron emission tomography (PET), 
functional magnetic resonance imaging (fMRI), electroencephalographic (EEG) dipole 
source analysis, magnetoencephalographic analysis (MEG), and single photon 
emission computed tomography (SPECT). Each of these techniques has advantages 
and disadvantages in terms of spatial and temporal resolution, sensitivity, and cost. 
However, ail provide measures that can be used as indirect indices of neuronal activity. 
With improvements in spatial and temporal resolution, as weil as in statistical sensitivity, 
most recent imaging studies have described a growing list of cortical and subcortical 
sites activated by noxious stimuli applied to the periphery. The pain input is conveyed 
from the periphery to the brain mainly via the spinothalamic pathway (Fig. 1-2). The 
most commonly observed sites continue to include the anterior cingulate cortex (ACC), 
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the insular cortex (IC), and the somatosensory cortices (SI and 511) of the parietal lobes 
(see recent reviews (Bushnell et al., 2000;Treede et al., 2000)). Interestingly, it has 
been activation within the parietal lobes that has been the most controversial finding in 
pain imaging studies. Part of this introduction will concentrate on this research and the 
growing evidence that parietal lobe function plays in important role in sensory-
discriminative aspects of human pain perception. 
1.4.1 Anterior parietal function and pain perception 
The first three modem brain imaging studies of pain, published in the early 1990s, 
produced vastly different results in terms of SI cortex. Using positron emission 
tomography (PET) and repeated 5-sec heat stimuli presented to six spots on the arm, 
our laboratory reported a significant activation focus in SI cortex contralateral to the 
stimulated arm (Talbot et al., 1991). Using similar heat stimuli, but repetitively 
presented to a single spot on the dorsal hand, Jones and colleagues (Jones et al., 
1991) failed to observe significant activation in SI cortex. Finally, using single photon 
emission computed tomography (SPECT), Apkarian et al. (Apkarian et al., 1992) found 
that submerging the fingers in hot water for three minutes led to a decrease in SI 
activity. 
Jones and colleagues (Jones et al., 1992;Jones and Derbyshire, 1996) postulated that 
the experimental procedures used by Talbot and colleagues (Talbot et al., 1991) 
particularly moving the stimulus among six spots du ring the scans, differentially direct 
more attention to the pain stimulus than to the control stimulus, and thus produce an 
attention-related modulation of SI cortical activity. They further postulated that the 
presence or absence of pain, itself, is probably not a main determinant of SI activation. 
More recent studies support the idea that attention can significantly modulate pain-
evoked SI activity, but little evidence supports the premise that pain is not a major 
determinant of SI activity during painful stimulation. 
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Table 1-1 shows the methods and results of a number of human brain imaging studies 
of pain, using PET, SPECT, functional magnetic resonance imaging (fMRI), and 
magnetoencephalographic imaging (MEG). In the various studies, pain stimuli include 
phasic and tonic heat, cold, chemical irritants, electric shock, ischemia, visceral 
distension, headache and neuropathic pain. As can be seen in Table 1-1, there is little 
consistency among the studies as to wh ether SI is activated by pain. Sorne studies 
involving thermal, chemical or electrical stimulation reveal SI activation, whereas others 
using similar stimuli' do not. Factors that may contribute to these differential results 
include: 1) influences of cognitive modulation in SI activity and 2) a possible 
combination of excitatory and inhibitory effects of nociceptive input to SI. 
1.4.2 Cognitive modulation of SI activity 
As proposed by Jones and colleagues, SI pain-related activation is highly modulated by 
cognitive factors that alter pain perception, including attention and previous experience 
(Jones et aL, 1992;Jones and Derbyshire, 1996). In our laboratory, we have shown that 
when the subject's attention is directed away from a painful stimulus, the activity of SI 
cortex is dramatically reduced (Carrier et al., 1998;Bushnell et al., 1999). Subjects were 
presented concurrent sequences of tones and contact heat stimuli (pain: 46.5-48.5°C or 
warm: 32-38°C on the left arm) and were required to discriminate, during separate PET 
scans, changes in either thermal intensity or auditory frequency. The subjects' ratings 
of pain intensity were higher in the thermal than in the auditory task (50.4 vs. 41.4, 
p=0.01), indicating that pain perception was modulated by the attention al demands of 
the discrimination tasks. Likewise, a direct comparison of pain-related SI activity during 
the pain and auditory tasks showed that pain-evoked rCBF was significantly larger in 
the thermal than in the auditory task (t=3.92; p<0.01). In this experiment, the 
behavioural task used to direct attention toward the thermal stimuli involved detecting a 
small change in the intensity of the heat stimulus. This task probably served to direct 
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the subjects' attention to sensory aspects of the pain, rather than to the unpleasantness 
or "suffering". A similar result was recently obtained in another PET study in which 
attention to a computerized perceptual maze test reduced pain-related activation in 
contralateral SI, as weil as in bilateral Sil, ACC, and mid-insu la (Petrovic et aL, 2000). 
Other data from our laboratory also support the idea that attention to sensory aspects of 
the pain experience can alter SI activity. Using hypnosis, we found that suggestions 
specifically directed toward increasing or decreasing the perceived intensity of the 
buming pain sensation produced by submerging a subject's hand in painfully hot water 
modulated pain-related activity in SI (Hofbauer et al., 2001). In contrast, suggestions 
directed toward changing the unpleasantness of the pain (Rainville et al., 1997) had no 
effect on pain-related activity in SI, but produced instead a robust modulation of activity 
in anterior cingulate cortex directly correlated with the subjects' perception of 
unpleasantness (ANCOVA, p=0.005). 
During these hypnosis experiments (Hofbauer et al., 2001;Rainville et al., 1997), we 
also found evidence that experience with the hypnotic suggestions may have produced 
long-term changes in the subjects' neural processing of pain. At least a week before 
participating in a PET scanning session, ail subjects received the same hypnotic 
induction, suggestions, and painful stimuli that were to be used during the scanning 
experiment. In subsequent PET sessions, two scans using the painful heat and two 
using the non-painful warm control stimulus were performed before the subjects 
underwent hypnotic induction and suggestions. During these four scans, the subjects 
were simply instructed to relax and attend to the thermal stimulus-a control situation for 
identifying regions that cou Id be examined for modulation related to hypnotic 
suggestions given in subsequent scans. Although subjects in the two hypnosis 
experiments produced similar ratings of pain intensity and unpleasantness during these 
control scans, those previously trained to attend to the intensity of the painful stimuli 
showed substantially greater pain-related activity in SI than did those who had been 
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trained to attend to the unpleasantness of those stimuli stimulus (Sensory Study 
(Hofbauer et al., 2001), t=5.05; Affective Study (Rainville et al., 1997), t=3.01). 
Attentional modulation within SI cortex is not restricted to pain-related activity. Other 
investigators have found that rCBF in SI, evoked by tactile stimuli, is reduced when 
subjects attend to another stimulus modality (Meyer et al., 1991). Similarly, neuronal 
recordings in SI cortex of trained monkeys reveal low-threshold neurons whose activity 
is enhanced by attention to the tactile stimulus (Hyvarinen et al., 1980;Poranen and 
Hyvarinen, 1982). Despite the extensive nature of attention modulation of SI activity, 
there is little evidence that attention activates SI neurons without the concurrent 
presence of sensory-evoked activation. Anticipation of a painful stimulus has been 
shown to produce decreases in SI rCBF (Hsieh et al., 1995b), rather than increases in 
rCBF that would reflect excitatory neuronal activity. 
1.4.3 Inhibitory effects of noxious stimuli in SI activity 
Tommerdahl et al. (1996) found in monkey SI cortex that the presence of noxious heat 
reduced the intrinsic optical-imaging signal evoked by low threshold mechanical 
stimulation of the skin. These data are consistent with the findings of Apkarian et al. 
(Apkarian et al., 1992) which showed a decrease in blood f10w to SI cortex in human 
subjects during the presentation of a tonic heat stimulus. Consonant with the idea that 
noxious stimulation produces inhibition of tactile sensitivity in SI cortex are 
psychophysical data showing that the presence of pain reduces tactile perception, a 
phenomenon described by Apkarian et al. as a "touch gate" (Apkarian et al., 1994). 
1.4.4 Parietal operculum and pain perception 
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Pain-related activation during brain imaging studies has been observed in various 
regions within the parietal operculum; however, the nature and function of this activation 
is still open to conjecture. Whereas the functional organization of the postcentral gyrus 
has been extensively detailed and defined as primary somatosensory cortex (SI) with its 
exquisitely arranged somatotopic representation of cutaneous receptors, no consensus 
yet exists conceming the exact role of activity observed within the parietal operculum. 
This region, located on the dorsal bank of the Sylvian fissure just lateral to SI, includes 
Sil-the secondary somatosensory cortex; but even the borders of 511 are in dispute 
(Treede et aL, 2000) and its functional relationship to SI appears to vary from one 
species to another (Disbrow et aL, 2000;Murray et aL, 1992;Pons et aL, 1992). 
Early electrophysiological studies in monkey revealed responses in 511 evoked by both 
noxious and innocuous stimulation. Whitsel et al. (Whitsel et aL, 1969) described a 
well-Iocalized region at the posterior margin of 511 with cells responsive to nociceptive 
stimuli and a separate anterior part of 511 in which most neurons responded to gentle 
tactile stimuli. Sorne evidence from human studies also suggests separate 
representations for pain and touch within the posterior parietal cortex; however, 
differences between monkey and human cortical anatomy and inconsistencies in the 
designation of 511 proper complicate a direct comparison of these results. Treede and 
colleagues argue for the separate processing of innocuous stimuli in human 511 and 
posterior insula, and reserve the deeper areas of the parietal operculum (medial to 511) 
and anterior insula for the processing of nociceptive stimuli (Treede et aL, 2000). More 
recent data, from stereotactically placed electrodes in patients, are not entirely 
consistent with this view (Frot et aL, 2001) and underscore the continuing controversy 
surrounding this issue. 
The majority of electrophysiological studies in the monkey have underscored, as was 
the case for SI, that most neurons in 511 and surrounding areas respond to innocuous 
somatic stimulation, while only a few display nociceptive properties (Robinson and 
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Burton, 1980;Dong et aL, 1989). However, unlike the detailed somatotopic organization 
of the contralateral body surface found in SI, neurons in Sil demonstrate receptive fields 
that may be of variable size and responsive to bilateral as weil as contralateral 
stimulation of the body. Therefore, based on the animalliterature, this parietal region is 
unlikely to contribute toward a fine spatial discrimination of cutaneous stimuli-at either 
innocuous or noxious intensities. 
Anatomical evidence trom the monkey is consistent with at least a presence of 
nociceptive neurons in the Sil region, as demonstrated by direct projections to the 
parietal operculum from thalamic nuclei (Friedman and Murray, 1986) that convey 
nociceptive information from the spinal cord (Stevens et al., 1993). Furthermore, 
cortico-cortical projections trom SI may contribute to nociceptive activity observed in Sil 
(Pons and Kaas, 1986;Olausson et aL, 2001). 
ln human subjects, evidence gained from many different experimental approaches 
(PET, fMRI, MEG, and evoked potential) clearly demonstrates activation of Sil (and/or 
surrounding regions of the parietal operculum) by noxious as weil as innocuous stimuli 
(see Table 1-1). Studies comparing directly different modalities of noxious and 
innocuous somatosensory stimulation have generally observed significant Sil activation 
by both. In our own lab, both innocuous vibrotactile and noxious heat stimulation of the 
forearm evoked significant increases in Sil rCBF, as detected by PET (Coghill et aL, 
1994); likewise, significant increases in fMRI-detected activation were observed in 
individual subjects within Sil during the presentation to the leg of either innocuous brush 
of noxious thermal stimuli (Chen et aL, 2002;Olausson et aL, 2001). In other labs, 
similar results have been obtained for noxious heat and innocuous vibrotactile stimuli, 
using fMRI (Gelnar et al., 1999), and for innocuous electrical and noxious C02 1aser 
stimuli, using evoked potential analysis (Frot et aL, 2001). 
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Although the region of Sil may be activated during the presentation of either innocuous 
or noxious stimulation, this by no means implies that Sil activity cannot contribute to a 
subject's ability to distinguish painful and non-painful sensations. Studies using a single 
stimulus modality have demonstrated intensity dependent pain-related responses in Sil 
contralateral to the site of stimulation (Kitamura et al., 1995;Valeriani et al., 
2000;Timmerrnann et al., 2001 ;Opsommer et al., 2001), indicating a functional capacity 
to discriminate between noxious stimuli of different intensities, as weil as between 
innocuous and noxious levels of stimulation. These recent studies (Kitamura et al., 
1995;Valeriani et al., 2000;Timmerrnann et al., 2001;Opsommer et al., 2001) also 
demonstrate a similar degree of activation of Sil, ipsilateral to the stimulation site. This 
bilateral activation of the parietal operculum-rarely, if ever, observed in SI-may account 
in part for the ability of hemispherectomized patients to perceive the intensity as weil as 
the affective components of heat stimuli presented to the paretic leg (Olausson et al., 
2001). 
1.4.5 Posterior parietal function and pain perception 
Evidence in humans for a direct involvement of posterior regions of the parietal cortex in 
pain processing is considerably less convincing than that presented above for other 
areas of the parietal lobes. On the other hand, a few studies in the non-human primate 
have, indeed, suggested a role for this region in nociception. Electrophysiological data 
from the monkey revealed a small number of neurons responsive to noxious stimuli in 
the vicinity of area 7b, near the posterior border of Sil (Dong et al., 1994) (see also 
(Whitsel et al., 1969) as discussed above in relation to Sil). Neurons within this area 
demonstrated intensity-dependent responses correlated with the monkey's tendency to 
escape noxious stimulation, and a unilaterallesion of the region, in one monkey, altered 
thermal pain tolerance, although intensity discrimination remained intact (Dong et al., 
1996). The specifie relevance of these data to posterior parietal function is difficult to 
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assess, however, due to the small number of neurons recorded and the extension of the 
experimental les ion in this case into the adjoining parietal operculum. 
ln humans, a few studies have suggested that the posterior parietal cortex may process 
nociceptive information, particularly in terms of attentional aspects associated with 
sensory integration and body orientation relative to potentially damaging (painful) 
stimuli. Hsieh and colleagues (Hsieh et aL, 1996b) reported that acute experimental 
pain, evoked by an intracutaneous injection of ethanol in the right upper arm, was 
associated with a significant increase in parietal rCBF within contralateral primary 
somatosensory cortex and bilateral posterior parietal cortices. Such a scenario is 
consistent with a potential divergence of roles for SI and posterior parietal regions-in 
that activation within the contralateral SI is appropriate for localization of the stimulus to 
the upper arm, while activation in both contralateral and ipsilateral posterior parietal 
cortices would be expected for orientation toward the stimulus and an integration of 
motor responses involving a reaction of the opposite hand to care for the painful upper 
arm. Additional evidence for a role of posterior parietal regions in attentional aspects of 
pain was observed in a PET study of patients suffering from chronic pain elicited by 
mononeuropathy (Hsieh et aL, 1995a). An increase in rCBF was observed during 
periods of chronic pain in bilateral posterior parietal cortex-among other areas-but not 
in SI or Sil. The preponderance of activation in the posterior regions of the parietal lobe 
suggested to the authors that processing of chronic pain, as opposed to phasic 
experimental pain, may reflect the increased attention and vigilance that patients devote 
to their clinical condition. 
Additional evidence for the involvement of the posterior parietal lobe in attention and 
spatial orientation toward noxious stimuli is suggested by studies of moving noxious 
stimuli. For example, Coghill and colleagues suggested that stimulating ditferent areas 
of the skin may solicit the subject's attention and be more likely to implicate the right 
posterior parietal lobe, a reflection of "spatial attention/awareness components of 
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somatosensory information" (Coghill et aL, 2001). A similar rationale may be applied to 
brush-evoked allodynia-i.e. pain evoked by innocuous brushing stimuli applied to 
sensitized skin. Witting and colleagues (Witting et aL, 2001) recently studied brush-
evoked allodynia in healthy volunteers by injecting intradermal capsaicin in their non-
dominant forearm. Using PET, these authors found that brush-evoked allodynia, but not 
capsaicin pain alone, activated BA 5 and 7 in the contralateral posterior parietal lobe. 
Likewise, Petrovic and colleagues (Petrovic et al., 1999) reported that brush-induced 
allodynia in mononeuropathic patients was associated with significant activations of the 
contralateral posterior parietal cortex (along with bilateral activation of SI, Sil, and 
thalamus). Similarly, ladarola and colleagues (Iadarola et aL, 1998) had described 
bilateral activation in the posterior parietal lobe (e.g. BA 40) and adjacent regions of Sil 
during brush-evoked allodynia; however, in this study capsaicin pain was also 
associated with increased rCBF in bilateral posterior parietal cortex. Thus, while 
possible attention toward a moving pain presents a compelling argument for posterior 
parietal involvement in spatial orientation towards noxious stimulation, results across 
studies are not entirely consistent and indicate that movement of the stimulus is neither 
sufficient nor necessary for stimulus-related activation of this region. 
1.4.6 Cerebral correlates of cutaneous pain perception 
ln addition to the primary and secondary somatosensory cortices (SI and Sil, 
respectively), which are situated in the parietal lobes, there are other areas that are 
activated upon delivery of noxious cutaneous stimuli. These areas are the insular 
cortex (IC) and the anterior cingulate cortex (ACC). In fact, the conscious experience of 
pain is a consequence of complex interactions among distinct brain regions, which 
appear to preferentially process sensory-discriminative and affective aspects of the 
noxious stimulation. Previous studies examining pain-related activation in the brain 
have consistently found that under normal conditions several cortical structures, 
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including primary and secondary somatosensory areas (SI and 511), insular cortex (IC), 
and the ACC, display levels of activation that parallel the intensity of the stimulus and 
the intensity of pain perceived (Coghill et aL, 2003;Porro et aL, 1998;Coghill et aL, 
2001). In addition, sorne of these areas, such as the ACC and possibly part of the 
insula, appear to be more strongly associated with the affective dimension of pain 
(Rainville et aL, 1997;Coghill et aL, 2003;Wager et aL, 2004)-findings which do not 
preclude a role for these structures in the coding of intensity, since the perception of 
pain intensity and affect are often highly correlated (Rainville et aL, 1992). The role of 
these various brain areas in pain memory is still uncertain. 
1.4.7 Short-terrn memorv of cutaneous pain 
The parietal lobes process the sensory discriminative components of pain; however, the 
role of these areas in pain memory is uncertain. Pain memory relies on neural networks 
involved in pain experiences that are activated in the absence of the physical 
application of a noxious stimulus. In contrast, memory of the affective aspect of pain 
has been proposed as a critical element in the expression of pain empathy, (Preston 
and de Waal, 2002) an idea supported by recent studies showing that visual cu es 
signaling pain in others or images representing painful situations most commonly 
activate the anterior cingulate cortex (ACC) (Singer et aL, 2004;Jackson et aL, 
2005;Morrison et aL, 2004). However, considering the highly correlated nature of pain 
intensity and pain affect, each of the structures showing pain-related activation, 
including 51,511, IC and the ACC, is a potential candidate to contribute to the short-term 
memory for sensory features of a pain stimulus. In the pain studies included in this 
thesis, we specifically investigated the neural correlates of memory for the sensory 
aspects of pain, focusing on spatial and intensity features of brief heat pain stimuli. 
1.5 Summarv of Brain Imaging Data 
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Anatomical, neurophysiological, and imaging data confirm a role for the anterior parietal 
cortex in pain processing. Overa", findings support the traditional view that SI is 
primarily involved in discriminative aspects of somatic sensation, and extend this view to 
include discriminative aspects of somatic stimulation that is potentia"y tissue damaging, 
i.e. painful. Single neurons in monkey SI code stimulus intensity, location, and duration, 
and their activity correlates with human perception. Human imaging studies show 
activation of SI by a range of noxious stimuli, including capsaicin, which selectively 
activates C-fibres. They also confirm the somatotopic organization of SI pain responses 
(see, for example (Andersson et aL, 1997», thus supporting the role of SI in pain 
localization. Other imaging data that implicate SI in the sensory aspect of pain 
perception are findings that SI activation is modulated by cognitive manipulations that 
alter perceived pain intensity, but not by manipulations that alter unpleasantness, 
independent of pain intensity. Nevertheless, despite the probable role of SI in the 
encoding of the various sensory features of pain, considerable evidence suggests that 
nociceptive input to SI may also serve to modulate tactile perception. Thus, SI cortex 
may be involved in both the perception and the modulation of both painful and non-
painful somatosensory sensations. 
Defining a role in pain processing for the parietal operculum is somewhat more 
problematic. The absence of a fine somatotopic organization of cutaneous (or visceral) 
receptors virtua"y eliminates a substantial role for this region in localizing noxious 
stimuli. And although converging lines of evidence document the presence of 
nociceptive neurons within the parietal operculum, a similar argument can be made for 
an even larger population of neurons that encode innocuous mechanical information 
(Zhang et aL, 2001;Sinclair and Burton, 1993;Burton and Sinclair, 1991), such as that 
registered by Pacinian receptors. Several studies suggest separate representations for 
pain and touch within the posterior parietal cortex and S", respectively; however, inter-
species differences in cortical anatomy and inconsistencies in the designation of S" 
proper preclude a clear reconciliation of the data. Likewise, suggestions that S" 
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activation is predominantly related to processing the nociceptive quality of the stimulus 
(Valeriani et aL, 2000;Timmermann et aL, 2001) are inconsistent with many studies in 
both human and nonhuman subjects, which show a strong functional relationship 
between Sil activity and innocuous (especially, vibrotactile) stimulation. Nevertheless, 
the numerous studies indicating pain-related activation within the parietal operculum 
(and/or Sil) underscore the potential importance of this region in the perception of pain 
and the need for continued research. 
Finally, a possible role of the posterior parietal cortex (BA 517, 39/40) in pain processing 
is suggested by imaging studies of bath experimental pain and chronic clinical pain. 
Existing literature strongly implicates the posterior parietal cortex as a polymodal 
association area concerned with intra- and extra-personal space, thus, suggesting a 
plausible role for this region in orientation and attention towards painful sensory stimuli. 
However, results from studies that actually manipulate the subjects' level of attention 
toward or away from the painful stimulus have not uniformly indicated a prominent role 
for the posterior parietal region in attentional processes related to pain perception 
(Peyron et aL, 1999). Future studies assessing both attentional demands and direct 
manipulation or motor interactions involving noxious stimuli may help to resolve this 
issue. 
Regardless of discrepant results concerning specifie aspects of the nociceptive process 
or the particular delineation of sub-regional specialization in processing nociceptive 
input, the weight of human pain research now firmly establishes a role for the parietal 
lobes in the conscious appreciation of the sensation of pain. 
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1.6 Functional magnetic resonance imaging (fMRIl 
Throughout this first chapter, the majority of cited brain imaging studies investigating 
pain in humans used fMRI. FM RI is a technique that is widely used in the field of 
cognitive neurosciences and it measures the highly spatially and temporally resolved 
blood oxygenated level dependent (BOlO) signal, which is correlated to hemodynamic 
changes in brain areas of interest (logothetis et aL, 2001). The relationship between 
the BOlO signal and the neural response, as weil as the advantages and limitations of 
fMRI will be described in the next subsections. 
1.6.1 The relationshiD between BOlO and the neural signal 
The BOlO signal or contrast is derived through the changes in the relative 
concentration of oxygenated hemoglobin (diamagnetic, does not influence the MR 
signal) ((Pauling and Coryell, 1936, cited in (logothetis and Wandell, 2004)) and 
deoxygenated hemoglobin (paramagnetic, does influence the MR signal) ((Brooks et aL, 
1975, cited in (Logothetis and Wandell, 2004)). Oeoxygenated hemoglobin was tirst 
shown to act as a contrast agent in the rat brain, which induces signalloss in the fMR 
images (Ogawa et aL, 1990:0gawa and Lee, 1990). Therefore, in an fMRI experiment, 
where the increase in deoxygenated hemoglobin is concomitant to the elevated neural 
activity, one would expect it to reduce the BOlO contrast. However, this is not the 
case, because the neural activation is accompanied by an increase in cerebral blood 
f10w (CBF), which delivers a disproportionate quantity of oxygenated blood (Fox and 
Raichle, 1986). 
The actual relationship of the BOlO signal to neuronal activation has been the subject 
of several studies. But how is the BOlO signal related to the underlying neuronal 
activity? As opposed to intracellular recording of action potentials, the BOlO signal is an 
indirect measure of brain activity. Much of the investigation of the relationship of the 
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BOLO signal and the neural responses has shown that the BOLO signal can not be 
predicted by individual action potentials. In a series of elegantly designed experiments, 
Logothetis and colleagues (Logothetis et aL, 1999;Logothetis et aL, 2001;Logothetis, 
2002) simultaneously recorded single- and multi-unit electrophysiological activity, local 
field potentials (LFP) as weil as fMRI data from the visual cortex in monkeys, and found 
that the BOLO response reflected neuronal activity including both continuous membrane 
potentials and action potentials. Moreover, the BOLO signal was found to be linearly 
correlated to the LFPs and the multi-unit electrophysiological activity, which may 
indicate that BOLO is a measure of synaptic activity in a neuronal population, rather 
than the firing rate of individual cells. Although there seems to be a consensus that 
positive BOLO signal is indicative of an increased underlying neuronal activation, a 
controversial issue in fMRI remains the meaning of the negative BOLO signal. 
However, Shmuel and colleagues (Shmuel et aL, 2006) investigated this issue by 
simultaneously recording multi-unit electrophysiological activity and fMRI signal in the 
visual cortex of primates. Their results indicate that the negative BOLO response 
correlates with a decrease in neuronal activity, particularly LFPs and multi-unit activity. 
1.6.2 Advantages and limitations of fMRI 
The greatest advantage of fMRI is its capacity to investigate several brain activity 
correlates of emotional, cognitive, and sensory processes in humans. The technique is 
readily available due to the high number of scanners, and is widely implemented 
because of its noninvasiveness. In fact, unlike positron emission tomography (PET), no 
radiotracer ligand needs to be injected in the human participant of an fMRI study. 
Moreover, another advantage of fMRI is its higher spatial and temporal resolution than 
the resolution of its other brain imaging counterparts, such as PET, 
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electroencephalography (EEG), and magnetoencephalography (MEG) (Logothetis and 
Wandell,2004). 
There exist minor limitations to the use of fMRI such as the impossibility for humans 
with certain types of metal implants (pacemakers, artificial joints) to participate in fMRI 
studies, because of the strong magnetic field. The magnet bore is very narrow, which 
prevents participants suffering from claustrophobia to enter the magnet. Last, the 
quality of the fMR image acquisition is greatly reduced by movement of the subjects 
during the scans. This limitation is particularly significant if the study requires the use of 
participants for whom it may be arduous to refrain from movement for the entire duration 
of the scan, such as young children or patients suffering from movement disorders. 
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Figure 1-1. Innocuous somatosensory stimulation is transmitted from the periphery to 
the brain by the dorsal column-mediallemniscal system. Diagram taken from the 
website of the University of Texas at San Antonio 
(www.utsa.edultsüassign/anat/Whatsee.htm ). 
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Figure 1-2. Noxious somatosensory stimulation is transmitted from the periphery to the 
brain by the spinothalamic pathway. Diagram taken from the website of the University 




Table 1-1. Human Brain Imaging Studles of Pain: Parietal Cortex Activation 
Study Modality Subjects N Stimulation Stimulation Stimulated Area SI Sil Posterior 
device parietal 
cortex 
Talbot et al.. PET H2150 Healthy 8 Thermode 1 em2 42. 47-48·C Right volar Yeso Yeso No 
1991 (Talbot forearm contra contra 
etaI.. 1991) 
Jones et al.. PET 15C02 Healthy 6 Thermode 2.5x 36.1.41.3. & Dorsum of right No No No 
1991 (Jones 5.0em 46.4·C hand 
et al.. 1991) 
Apkarian et SPECT Healthy 3 Waterbath Moderate Fingers of left Inhib. No No 
al.. 1992 heat pain hand contra 
(Apkarian et 
al.. 1992) 
Crawford et PET 133Xn Healthy 11 Toumiquet& Ischemie pain Both arms Yes, No No 
al.. 1993 contra 
(Crawford et Hypnosis 
al., 1993) 
Casey et al.. PET H2150 Healthy 18 Thermode 40.50·C Left volar Yeso Yeso No 
1994 (Casey 254 mm2 forearm (6 sites) contra bilat 




Coghill et aL, PET H2150 Healthy 9 Thermode 1 cm2 34,47-48°C Left non- Yes, Yes, No 
1994 dominant contra contra 
(Coghill et forearm 
aL, 1994) 
Derbyshire PET H2150 Healthy 6 Thermode Ramp25- Dorsum of right No No No 
etal.,1994 Facial 43°C hand 
(Derbyshire pain 6 
et al., 1994) 
Di Piero et SPET Healthy 7 Waterbath O°C:I: 1°C Left hand Yes, No No 
aL, 1994 (Di 133Xn contra 
Piero et aL, 
1994) 
Rosenet aL, PET H2150 Angina 12 Dobutamine 10IJg/kg-1 Chest pain No No No 
1994 (Rosen pectoris infusion (angina) 
et aL, 1994) 
Hsieh et aL, PET C50] Mononeu- 8 None Spontaneous Pain in lower No No Yes, bilat 
1995 (Hsieh butanol ropathy pain extremity BA 7/40 
et aL, 1995a) 
Hsieh et aL, PET [150] Healthy 4 Intracutaneous Ethanol Lateral right Yes, No Yes, bilat 
1996 (Hsieh butanol injection (2OIJI,70%) upperarm bilat BA 39/40 




Davis et al., fMRI Healthy 9 Electrical nerve Pain Right median Yes, No No 
1995 (Davis stimulator stimulation nerve contra 
et al., 1995) 
Weilleret al., PET H2150 Migraine 9 None Spontaneous Head pain No No No 
1995 patients migraine 
(Weiller et 
al.,1995) 
Howland et MEG Healthy 5 Electric Voltage Digit 5 of non- Yes, Yes, No 
al., 1995 intracutaneous adjusted to dominant hand bilat bilat 
(Howland et stimulation produce pain 
al., 1995) 4/10 
Kitamura et MEG Healthy 5 Electric 2-4mA: weak Right digit 2 Yes, No No 
al., 1995 transcutaneous contra 
(Kitamura et stimulation 5-7mA: 
al.,1995) moderate Yes, Yes, No 
pain contra bilat 
10-13mA: Yes, Yes, No 




Craig et al., PET H2150 Healthy 11 Thermal grill Altemating Palmar surface Yes, Yes, No 
1996 (Craig bars of 20 ofrighthand contra contra 
et al., 1996) and 40°C 
Casey et al., PET H2150 Healthy 27 Thermode 40, 50°C Left non- NS, Yes, No 
1996 (Casey 254mm2 dominant arm contra contra 
et al., 1996) 
20,6°C Yes, No No 
contra 
Hsieh et al., PET C50] Cluster 7 Sublingual 1mg Head pain No No No 
1996 (Hsieh butanol headache nitroglycerin 
et al., 1996a) 
Andersson PET H2150 Healthy 6 Intracutaneous 1 % capsaicin Dorsum of right Yes, NS No 
etal.,1997 injection of in a volume hand contra 
(Andersson capsaicin of 10~1 of 
et al., 1997) vehicle Dorsum of right Yes, 
foot contra NS No 
Antognini et fMRI Healthy 5 Electrical 2 Hzat Rightindex Yes, Yes, No 
al., 1997 stimulator 10-30mA finger contra bilat 
(Antognini et 
al.,1997) 
Aziz etaI., PET H2150 Healthy 8 2cm long silicone Painful Lower Yes, No No 





Derbyshire PET H2150 Healthy 12 C02 1aser Painful Dorsum of right Yes, No Yes, bilat 
etal.,1997 stimulation hand contra BA 39/40 
(Derbyshire 
et al., 1997) 
Di Piero et SPET Healthy 12 Water bath (Cold Ice-water Immersion of Yes, No No 
al., 1997 (Di 133Xn pressor water one hand contra 
Piero et al., Cluster 7 test) 
1997) headache 
Rainville et PET H2150 Healthy 11 Waterbath 35,-47°C Passive Yes, Yes, No 
al., 1997 immersion of contra contra 
(Rainville et left hand 
al.,1997) 
Silverman et PET H2150 Healthy 12 Latex balloon 20 mm Hg, Rectum No No No 
al., 1997 catheter 40mmHg 
(Silverman 
et al., 1997) 
Svensson et PET H2150 Healthy 11 Cutaneous C02 0.5 Hz Left forearm No Yes, No 
al., 1997 laser (79mm2) contra 
(Svensson et 
al.,1997) Intramuscular 50 I.IS square- Brachioradialis NS, Yes, No 
electrical wave pulse at musde of left contra contra 





Xu et al., 



















PET H2150 Healthy 
fMRI Healthy 
PET H2150 Healthy 
fMRI Healthy 
PET H2150 Healthy 
6 C02 laser 23 mJ mm-2 
5 2-cm long Constant 
silicone balloon stimulation 
with a volume 
of 10, 20ml 
12 Water bath Continuous 
heat pain 
12 Electrical shocks 20.8mA,2Hz 
Thermode 4cm2 38,48.5°C 
Mechanical Painful pinch 
13 Intradermal 250IJg in 201J1 






Marked squares Yes, Yes, No 
of2.5cm2 of contra at bilat 
dorsum of left hand area 
hand and foot 
Distal part of Yes, Yes, No 
oesophagus bilat bilat 
Right hand No No No 
Yes, Yes, No 
contra bilat 
Digit 2 of right No No No 
hand 
No No No 
Left volar Yes, Yes, Yes, 
forearm contra contra bilat 
Yes, Yes, Yes, ipsi 




May etaI., PET H2150 Healthy 7 Capsaicin O.OSmlof Subcutaneous No No No 
1998 (Mayet 0.1 % solution right forehead 
al.,1998) 
Oshiro et al., fMRI Healthy 6 Eleclrical 8Hz Fifth digit of one Ves, Ves, No 
1998 (Oshiro stimulator hand at a time contra bilat 
et al., 1998) 
Paulson et PET H2150 Healthy 20 Thermode 254 40,SO·C Left volar No No No 
al., 1998 mm2 forearm 
(Paulson et 
al., 1998) 
Porro et al., fMRI Healthy 24 Subcutaneous O.Sml, 20%, Ves, No No 
1998 (Porro ascorbic acid pH 6.7 contra 
et al., 1998) Dorsum of one 
16 Subcutaneous O.Sml foot No No No 
saline 
Touch for 
16 Innocuous touch 20sec No No No 
with a needle 
Baciu et al., fMRI Healthy 6 Latex balloon Inflation until Rectum Ves, No Ves, bilat 
·1999 (Baciu catheter pain: 80/100 bilat BA 39/40 
et al., 1999) 
Baron et al., fMRI Healthy 9 Intracutaneous 20jJL of Right volar No No No 
1999 (Baron capsaicin 0.05% forearm 
et al., 1999) 
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Becerra et fMRI Healthy 12 Thermode 9cm2 41°C, 46°C Dorsum of left Yes, Yes, No 
al., 1999 hand contra contra 
(Becerra et 
al., 1999) 
Coghill etaI., PET H2150 Healthy 16 Heated probe 35,46,48°C Upper right arm Yes, Yes, No 
1999 1 cm diameter or righthanded contra bilat 
(Coghill et subjects (6 
al., 1999) areas) 
Derbyshire PET Post- 6 Thermode 2.5 x 41.1-44.8°C Dorsum of right No No Yes, contra 
etal.,1999 C15 0 2 molar 1cm 46.2-47.6°C hand BA 40 
(Derbyshire extraction 
et al., 1999) surgery 
Petrovic et PET C50] Mononeu- 5 Soft camel hair 1 stroke/sec Painful skin Yes, Yes, Yes, contra 
al.,1999 butanol ropathic brush area& bilat bilat BA 7 
(Petrovic et homologous 
al., 1999) (0.5cm diameter) contralateral 
non painful area 
Peyron et PET Healthy 12 Thermode 9cm2 39,46.6°C Dorsum of one Inhibit SI Yes, Yes, right 
al., 1999 & Attention to hand ipsi bilat BA 40 





Rainville et PET H2150 Healthy 8 Waterbath & 35,47°C Left hand No No Inhibition of 
aL, 1999 Hypnosis contra BA 40 
(Rainville et with hypnosis 
aL, 1999b) 
Tolle et aL, PET H2150 Healthy 12 Therrnode (1.6 x 1°C below Right volar No No No 
1999 (Tolle 3.6cm) pain forearrn 
et aL, 1999) threshold 
1°C above No No No 
pain 
threshold 
Casey et aL, PET H2150 Healthy 20 Hand-held 130Hz (non Left volar Yes, No No 
2000 (Casey vibrator painful) forearrn contra 
at aL, 2000) 
Watar bath 1°C Left hand NS, Yas, No 
contra contra 
Craac'h at fMRI Haalthy 11 Tansiomatar 15-18 mm Hg Dorsal left tirst Yas, Yas, No 
aL,2000 metacarpopha- contra, contra, 
(Creac'h et langaal joint bilat bilat 
aL,2000) 
Grachevet l H-MRS Chronic 9 None Spontanaous Back No No No 






Ploghaus et fMRI Healthy 12 Thennode 9cm2 Painful Dorsum of left No No Yes, bilat 
al.,2000 & Expectation of stimulation hand BA 7 
(Ploghaus et painful 
al.,2000) stimulation 
Ploner et aL, MEG Healthy 6 Electrical nerve 40-60 V Dorsum of each Yes, Yes, No 
2000 (Ploner stimulator (tactile) hand contra bilat 
et aL, 2000) 
C02 1aser 600-700 mJ Yes, Yes, No 
stimulation (pain) contra bilat 
Sawamoto et fMRI Healthy 10 C02 laser& 60 msec Dorsum or right No Yes, No 
al.,2000 expectation of duration hand bilat 
(Sawamoto pain 
et aL, 2000) 
Tracey et aL, fMRI Healthy 6 Thermode 5,46°C Dorsum of left Yes, Yes, Yes, bilat 
2000 hand contra contra BA 5,7,40 
(Traceyet 
al.,2000) 
Apkarian et fMRI Healthy 1 None Straight leg Back No No No 
al.,2001 rising to 
(Apkarian et Chronic 1 exacerbate 
al.,2001) back pain pain 
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Bentleyet LEPs Healthy CO2 laser heat 15.3 mJ mm-2 Right forearm No No Yes, 
al.,2001 stimuli contra 
(Bentleyet 
al.,2001) 
Coghill et al. PET H2150 Healthy 9 Thermode 1 cm- 35°C, 49°C 6 spots on both Yes, Yes, Yes, right 
2001 diameter arms of right contra contra BA 40 
(Coghill et handed subjects 
al., 2001) 
Chang et al., EEG Healthy 15 Intramuscular 50jJg/0.5ml Non dominant No No Decrease in 
2001 (Chang injection left alpha-1 and 
et al., 2001) capsaicin brachioradialis alpha-2 
muscle activity, bilat 
Vehicle 0.5ml 
De Pascalis ERPs Healthy 29 Electrical 0.5mAabove Ventral right No No Inhibition with 
etal.,2001 stimulator + pain wrist hypnosis 
(De Pascalis Hypnosis threshold 
et al., 2001) 
Hofbauer et PET H2150 Healthy 10 Waterbath + 35°C, 46- Left hand Yes, Yes, No 





Lotze et al., fMRI Upper 14 Hand and Lip Handllip Yes, No No 
2001 (Lotze limb movement contra for 
et al., 2001) amputee ail 
Healthy 7 Imagined Yes, No No 
movement of contra for 
phantom limb or PTs 
left hand 
Olausson et fMRI Hemis- 4 Soft brush (7cm 20cm/sec, Medialleg, 15 Yes, Yes, bilat No 
al.,2001 pherecto- wide) distance cm inferior ta contra for for healthy; 
(Olausson et mized 10cm the patella (of healthy; No for 
al.,2001) paretic leg for ipsi for patients 
Healthy 4 patients) patients 
Thermode gcm2 34-36°C,44- Yes, Yes, No 
47°C contra for contra for 
healthy; healthy; 
NS ipsi for NS ipsi for 
patients patients 
Witting et al., H2150 PET Healthy 8 Intradermal 10jJg/20jJL Left non- No No No 
2001 capsaicin dominant volar 
(Witting et Soft brush, forearm 
al.,2001) Brush-evoked frequency of 
allodynia 0.25Hz. Brush over a No No Yes, contra 




al.,2002 fMRI Healthy 9 Thulium:YAG 300-600mJ Dorsum of left Yes, bilat Yes, bilat No 
(Bomhovd et laser hand (posterior 
al.,2002) insula) 
Chen etaI., fMRI Healthy 4 Soft brush (2-cm 2 Hz, 10-cm Left inner calf Yes, Yes, No 
2002 (Chen wide) region contra contra 
et al., 2002) 
Thermode 9cm2 35-36°C, Left inner calf Yes, Yes, 
45-46°C contra contra No 
Davis et al., fMRI Healthy 7 Thermode 5cm2 32°C, 3°C Thenar eminan- No Yes, Yes, bilat 
2002 (Davis ce, right hand contra BA 7/40 
et al., 2002) 
DaSilva et FMRI Healthy 9 Thermode 32°C, 46°C Ophthalmic, Yes, No No 
al., 2002 2.6cm2 maxillary, contra 
(DaSilva et mandibular 
al.,2002) divisions right 
side of the face 
and palmar right 
thumb 
Inui et al., MEG Healthy 13 Intra-epidermal, 0.16±0.09mA Dorsum of left Yes, Yes, bilat No 2002 (Inui et 
squarewave hand contra in 5 
al.,2002) pulse subjects 




Laureys et H2150 PET Healthy 15 Electrical square 7.4±5.9mA Right median Yes, Yes, al.,2002 Yes, bilat BA 
(Laureys et wave pulses nerve at the contra contra 40 
al.,2002) Patients 15 Electrical square 14.2±8.7mA wrist Yes, No No (PVS) wave pulses contra 
Maihôfner et MEG Healthy 7 Thermode 3.5cm 32°C, -3±5°C Dorsum of right No Yes, No 
al.,2002 diameter hand contra in 4 (Maihofner 
subjects 
etal.,2002) 
and bilat in 
3 subjects 
Nakamura et MEG Healthy 6 Cutaneous YAG 600-650mJ Dorsum of left No Yes, No 
al.,2002 
(Nakamura laser stimulator hand contra 
etal.,2002) 
Peyron et H2150 PET Healthy 12 Thermode 9cm2 39°C, 46.6°C Dorsum of one No Yes, bilat No al.,2002 hand (Peyron et fMRI Healthy 8 Thermode 9cm2 37°C, 46.9°C Dorsum of one No Yes, No al.,2002) hand contra and 
bilat in 6 
subjects 
Intracere- Epilepsy Dorsum of hand No Yes, No 
brai LEPs patients 13 CO2 laser stimu- 1.3 x pain contra to contra and 
lator 38.5mm2 threshold implantation of bilat in 2 
eleclrode patients 
Scalp LEP Healthy 31 CO2 laser stimu- 10W Superficial right No Yes, bilat No 
lator 38.5mm2 radial nerve 
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Porro et aL, fMRI Healthy 26, 23 gauge needle S.C. ascorbic Dorsum of one Yes, No No 2002 (Porro 
et aL, 2002) acid (20%) foot contra 
Torquati et MEG Healthy 10 Electric 59±18.8mA Right median Yes, Yes, bilat No 
al.,2002 
rectangular nerve at wrist contra (Torquati et 
al.,2002) pulses 
Tran et aL, MEG Healthy 9 C02 1aser 5-12W Dorsum of left Yes, Yes, bilat No 2002 (Tran 
stimulator 2mm hand contra in 4 
et aL, 2002) diameter subjects 
Wise et aL, 
2002 (Wise fMRI Healthy 9 Thermal resistor 56.4±1.4°C Dorsum of left No Yes, bilat No 
et aL, 2002) 3cm2 hand 
Bingel et aL, 
2003 (Bingel fMRI Healthy 14 Thulium:YAG 600mJ Dorsum of left Yes, Yes, No 
et aL, 2003) laser and right hand contra contra 
Coghill et aL, 
2003 fMRI Healthy 17 Thermode 35·C, 49°C Non-dominant Yes, No No 
(Coghill et 2.5cm2 ventral forearm contra 
al.,2003) 
Koyama et 
al.,2003 fMRI Healthy 9 Thermode 35°C, 49°C Right calf Yes, No No 





al., 2003 EEG Healthy 10 Infrared thulium 390-550mJ Dorsum of left Yes, Yes, bilat No 
(Schlereth et laser and right hand contra operculoin- . 
al.,2003) sular 
Strigo et al., 
2003 (Strigo fMRI Healthy 7 Oesophageal 20mmHg, Lower Yes, bilat Yes, bilat Yes, Left 
et al., 2003) stimulation & 39mmHg oesophagus 
Thermode 9cm2 39°C, 47°C Upper chest No Yes, bilat Yes, bilat 
Verne et al., 
2003 (Veme fMRI lBS 9 Rectal ballcon 35 mmHg, Rectum Yes, Right No No 
et al., 2003) patients distension 55mmHg 
Healthy 9 Waterbath 35°C, 45°C, Right foot Yes,Left No No 
47°C 
Becerra et 
al.,2004 fMRI Healthy 9 Thermode 9cm2 35°C, 46°C Dorsum of left Yes, No No 
(Becerra et foot and left Contra 
al.,2004) hand 
Bingel et al., 
2004 (Bingel fMRI Healthy 18 Thulium:YAG 600mJ Dorsum of left Yes, bilat Yes, bilat Yes, bilat 
etal.,2004) laser hand 
650mJ Dorsum of left Yes, bilat Yes, bilat Yes, bilat 
foot 
Hoffman et 
al.,2004 fMRI Healthy 8 Peltier thermode 36°C, 46.5°C, Dorsum of right Yes, Yes, No 





al.,2004 fMRI Healthy 11 Copper thermode 45°C 
(Maihofner 13.5cm2 
et al., 2004) 
Capsaisin, and 2.5% in 70% 
ethanol 
Brush-evoked Brushing of Left forearm Yes, Yes, bilat Yes, Contra 
mechanical skin (2Hz) Contra 
allodynia 
Qiu et al., 
2004 (Qiu et MEG Healthy 13 C02 1aser 5-12W Dorsum of left Yes, Yes, bilat No 
al.,2004) stimulator 2mm hand contra 
diameter 
Schulz-
Stübneret fMRI Healthy 12 Peltier thermode 32°C,44°C Left forearm Yes, bilat No Yes, bilat 
al.,2004 
(Schulz- And hypnosis 
Stubneret 
al.,2004) 
Valet et al., 
2004 (Valet fMRI Healthy 7 Thermode 9cm2 1°C above Right volar Yes, Yes, bilat Yes, bilat 
et al., 2004) and 3°C forearm contra 
And distraction below pain 
threshold 
Wageret al., 
2004 (Wager fMRI Healthy 24 Electric shocks Intense Right wrist Yes, bilat Yes, bilat No 
et al., 2004) and placebo (mean=3.75 (study 1) 
mA) 
36 Thermode and 45°C, 47°C, Left forearm Yes, bilat Yes bilat No 




2004 (Vouell fMRI Healthy 5 C02 1aser 10J Left and right Yes, Yes, bilat No 
etal.,2004) stimulator 1.5cm mediallower contra 
diameter calves 
DeLeeuwet 
al.,2005(de fMRI Healthy 9 Thermode 9cm2 32°C, 36.5°C, Left masseter No Yes, Yes, contra 
Leeuw R. et 46-49°C muscle contra 
al.,2006) 
Forss et al., 
2005 (Forss MEG Healthy 10 Thulium:YAG 500mJ Dorsum of left No Yes, bilat Yes, ipsi 
et al., 2005) laser hand 
lannetti et 
al.,2005 EEG Healthy 7 Nd:YAP laser 2J Dorsum of right Yes, Yes, bilat No 
(Iannetti et 6mm diameter hand contra 
al.,2005) fMRI 
Maihofner 
and fMRI Healthy 12 Thermode 9cm2 32°C, pain Left forearm Yes, Yes, bilat Yes, bilat 
Handwerker threshold contra 
2005 
(Maihofner Pin-prick 0.2mm,8- Left forearm Yes, Yes bilat No 
and 512mN contra 
Handwerker, 
2005) Thermal Capsaisin Left forearm Yes, Yes, bilat Yes, bilat 
hyperalgesia 2.5% contra 
Pin-prick Capsaicin Left forearm Yes, Yes, bilat Yes, bilat 




aL,2005 fMRI Healthy 33 Thermode 41°C, 1°C Dorsum of left Yes, Yes, No 
(Moulton et 2.6cm2 and 2°C foot contra contra 
aL,2005) belowpain 
tolerance 
Raij et aL, 
2005 (Raij et fMRI Healthy 14 Thulium:YAG 480-660mJ Dorsum of left No Yes, bilat No 
aL,2005) laser hand 
Suggestion- Na Yes, No 
induced pain contra 
(hypnosis) 
Keltneret 
aL,2006 fMRI Healthy 27 Thermode 9cm2 33°C, 47°C, Palm ofleft No Yes, ipsi No 
(Keltner et 48°C hand 
aL,2006) Expectation of 
pain 
Kong et aL, 
Thermode 9cm2 2006 (Kong fMRI Healthy 16 32°C, pain Right medial No Yes, bilat No 
et aL, 2006) tolerance aspect of 
forearm 
Placebo No Yes, Yes, bilat 
contra 
Maihôfner et Plastic 
aL,2006 fMRI Healthy 14 Ballistic projectile Rightvalar Yes, Yes, bilat Yes, bilat 
(Maihofner apparatus (0.5g,5mm surface of contra 
et aL, 2006) diameter) forearm 
Thermode 9cm2 32°C, pain Yes, Yes, bilat Yes, bilat 
rating of 40 contra 
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î 
Qiu et al., 




13 Thulium:VAG 145-180mJ Right hand No Ves, bilat No 
laser 
EEG: electroencephalography; ERP: evoked-related potential; 1H-MRS: single-voxel proton magnetic 
resonance spectroscopy; fMRI: functional magnetic resonance imaging; lBS: irritable bowel syndrome; 
LEP: laser-evoked potential; MEG: magnetoencephalography; PET: positron emission tomography; 
S.C.: subcutaneous; SPET: single-photon emission tomography; SPECT: single photon emission 
computed tomography; BA: Brodmann area; bilat: bilateral activation; contra: contralateral to the 
stimulated side; ipsi: ipsilateral to the stimulated side; NS: non significant. 
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2 Chapter 2: DIFFERENTIAL EFFECTS OF COGNITIVE DEMAND ON 
HUMAN CORTICAL ACTIVATION ASSOCIATED WITH VIBROTACTILE 
STIMULATION 
Preface 
As discussed in the introduction, the network of human cerebral areas 
responsible for the processing of innocuous vibrotactile and painful stimuli has 
been widely investigated. The network of cerebral regions that respond to 
innocuous vibrotactile stimuli is comprised primarily of parietal areas including 
primary and secondary somatosensory cortices (SI and Sil, respectively), as weil 
as posterior parietal cortex (PPC), insular cortex (IC), and prefrontal areas. The 
group of brain regions that are commonly activated by painful stimuli is also 
comprised of parietal areas (SI, Sil, and PPC), which are thought to 
predominantly encode the sensory and discriminative characteristics of the 
stimulus, such as its intensity and/or location. Additional areas that process 
painful stimuli include the anterior cingulate cortex (ACC), which is thought to 
participate in the encoding of the affective component of pain (for example, the 
unpleasantness of pain); the IC. The role of the IC in the perception of pain is a 
complex one, encompassing a variety of cognitive factors, including attention and 
memory. Moreover, in addition to processing painful stimuli, recent evidence has 
implicated the IC in the processing of the intensity of innocuous thermal stimuli, 
su ch as cutaneous warm and cool stimuli. In light of the increasing evidence on 
attentional modulation of parietal areas, especially SI and PPC, as weil as the IC, 
in the processing of innocuous sensory stimuli, we seeked to further investigate 
the link between attention, encoding of spatial features of innocuous tactile 
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stimuli and levels of cerebral activation in 2 main areas of interest, SIIPPC and 
IC. 
This chapter describes an event-related functional magnetic resonance imaging 
(fMRI) experiment performed in 12 healthy human participants, that investigated 
the cerebral correlates of innocuous vibrotactile perception within the context of 
different psychophysical and attentional demands. This experiment had 3 major 
aims: the tirst was to test the hypothesis that activation levels in many brain 
areas, but with a particular focus on SIIPPC, are correlated to the cognitive 
demand or the attention requirements of the task. The tasks were 'passive' 
(presumably involving the least amount of attention to the vibrotactile stimulus), 
'offset detection', in which subjects had to detect the termination of the stimulus, 
and 'Iocalization', which required the subjects to identify the spatial 
characteristics of the stimulus. More specifically, we tested whether a greater 
attentional demand (for example in the offset detection and localization tasks) 
was associated with a more elevated cerebral activation signal. We 
hypothesized that the vibrotactile stimulus presented during the localization trials 
(where subjects had to encode the spatial features of the stimulus) would evoke 
greater activation levels in SI and PPC than for the offset detection or passive 
trials. Our hypothesis was based on the evidence suggesting SIIPPC is involved 
in the processing of either the spatial and/or sensory aspects of somatosensory 
stimuli. In this study, we attempted to separate the frequency of stimulation from 
its spatial characteristics, by implementing the localization trial, during which 
subjects needed to encode only the location of the stimuli, without paying 
attention to the frequency of stimulation. Other brain areas that are not 
particularly associated with spatial discrimination could have shown higher levels 
of activation in the detection task. 
Second, we addressed the mode of presentation of the 3 different trial types 
(offset detection, localization, and passive) by presenting the different trials in 
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either a predictable (in blocks) or unpredictable (randomized) manner, as a way 
to assess its impact on behavioural performance and/or cerebral activation 
patterns. 
Third, although this study does not specifically investigate the issue of short-term 
memory of innocuous vibrotactile stimuli (as this was addressed in another study 
that was not included in this dissertation-5tudy A, described in section 1.1.), it 
was used to design, modify and implement our short-term memory pain studies 
presented in Chapters 3 and 4. 
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2.1 Abstract 
This event-related fMRI study examines the neural correlates of vibrotactile 
sensation within the context of different psychophysical demands. Twelve 
subjects received vibrotactile stimuli on the right volar forearm during detection, 
localization and passive tasks. In the detection task, subjects indicated the offset 
(end) of each stimulus by pressing a response key with their left hand. In the 
localization task, subjects identified the location of the stimulus ('distal?' or 
'proximal?') by pressing the appropriate response key 4 seconds after the end of 
the stimulus. In the passive task, subjects received the same vibrotactile stimuli 
but no response was required. Analysis of stimulus-evoked activity compared to 
the resting baseline period revealed significant bilateral secondary 
somatosensory cortex (Sil) activation of similar magnitude for ail three tasks. 
Stimulus-evoked activation was observed in contralateral primary somatosensory 
cortex neighbouring the posterior parietal cortex (SIIPPC) and in bilateral anterior 
insular cortex (aIC) for the offset detection and localization tasks only. During the 
localization task, we identified vibrotactile-evoked activation in right alC, which 
continued after termination of the stimulus period. These results suggest that 
vibrotactile-related activation within SIIPPC and alC is enhanced by the 
increased levels of attention and cognitive demands required by the detection 
and localization tasks. Activation of alC during vibrotactile stimulation, as weil as 
during the post-stimulus delay in the localization trials, is consistent with the 




Brain imaging studies of innocuous tactile stimulation in humans have shown 
activation in a number of areas, such as the primary and secondary 
somatosensory cortices (SI and Sil), and posterior parietal cortex (Disbrow et aL, 
1998;Gelnar et aL, 1999;Burton and Sinclair, 2000;Francis et aL, 
2000;Bonhomme et aL, 2001 ;McGlone et aL, 2002;Burton et aL, 2004;Nelson et 
aL, 2004a;Golaszewski et aL, 2006). In addition, the posterior insular cortex has 
also been implicated in tactile perception (Burton et aL, 1993;Davis et al., 
1998;Francis et aL, 2000;McGlone et aL, 2002;Golaszewski et aL, 2006), as 
opposed to the anterior insu la (aIC), where activation is usually associated with 
the perception of noxious stimuli (Apkarian et aL, 2005). However, increasing 
evidence suggests a more general involvement of the alC in the perception of 
innocuous somatosensory stimuli such as vibration (Burton et aL, 1993) and 
touch (Olausson et aL, 2002;Blakemore et aL, 2005). 
Somatosensory-related activation levels within parietal areas and potentially the 
insula may be modulated by the context within which the tactile stimuli are 
delivered, such as level of attention and engagement (Burton et al., 
1999;Johansen-Berg et aL, 2000). In fact, vibrotactile stimulation presented 
during an active task (subjects were instructed to detect frequency changes in 
the stimuli delivered to the right hand) was associated with an enhanced activity 
in contralateral SI, compared to that elicited by passive vibrotactile input (Staines 
et aL, 2002). The right anterior insu la is also influenced by relevant sensory 
information, and has been shown to be part of a right-Iateralized cortical network 
mediating attention to innocuous sensory events (Downar et al., 2000;Downar et 
al.,2002). 
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Interestingly, the majority of human imaging studies assessing vibrotactile 
processing during the past decade have employed only the passive presentation 
of stimuli (Blakemore et al., 2005;Bonhomme et al., 2001 ;Davis et al., 
1998;Disbrow et al., 1998;Downar et al., 2000;Downar et al., 2002;Francis et al., 
2000;Gelnar et al., 1999;Golaszewski et al., 2006;McGlone et al., 2002), and 
those studies that engaged the subjects in the performance of active tasks have 
concentrated on the discrimination of vibratory frequency (Staines et al., 2002) or 
intensity (amplitude) (Nelson et al., 2004a;Nelson et al., 2004b), rather than the 
spatial features of stimulation, which might be more specifically processed in 
parietal areas. Therefore the purpose of the present fMRI study was to examine 
the cerebral correlates of vibrotactile sensation associated with the localization of 
the stimulus, in comparison to another active psychophysical task (detection of 
stimulus offset), as weil as to passive presentation of stimuli. Portions of these 
data have been presented previously in abstract form (Albanese et al., 
2005;Bohotin et al., 2005) 
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2.3 Materials and Methods 
2.3.1 Subjects 
Twelve normal volunteers (4F, 8M; 1 left-handed) were recruited for a vibrotactile 
fMRI study. Prior to the scanning session, ail subjects performed a few 'practice' 
trials to be familiar with the stimuli and the experimental design. The Research 
Ethics Board of the Montreal Neurological Institute and Hospital approved the 
study. Ali subjects gave written informed consent and were financially 
compensated for their time commitment to this study. 
2.3.2 Stimuli 
Vibrotactile stimuli (75Hz, 3000 to 4000 msec in duration) were software-
generated (CooIEdit) using wav files and were played through two amplifiers (one 
per stimulator) that were connected to the sound card of a portable computer. 
The stimuli were delivered through a small piece of balsa wood (8mm by 16mm) 
situated on each of the 2 custom-built piezoelectric stimulators. The stimulators 
were placed on the right volar surface of the forearm, at the level of the C6 
dermatome. The distal stimulator was positioned transversally on the first 
anterior third of the surface of the arm (a few centimeters from the distal wrist 
crea se) and the proximal stimulator was placed right next to the distal one. 
2.3.3 Experimental paradigm 
The experiment consisted of 3 trial types: detection, localization and passive 
stimulation tasks, presented in a counterbalanced, randomized fashion within 
each experimental run (see Fig. 2-1 for the stimulation protocol) to 3 subjects, 
and in a predictable(or in 'blocks') manner to the remaining 9 subjects. Each 
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trial began with a 4-sec cue period, during which subjects viewed a written cue 
on a computer monitor indicating task instructions for the current trial: "detection 
tria!", "Iocalization trial", or "passive trial"). After the "cue", a vibrotactile stimulus 
(3-4 sec in duration) was then delivered to one of the two locations on the right 
forearm. For the detection task only, subjects attended to the vibrotactile 
stimulus for its full duration and indicated its "offset" (end) by pressing a mouse 
button with their left hand. Following the stimulation period, an interstimulus 
interval (151) corresponding to a delay of 4 sec (Delay 1) was interposed before 
the response period (Response; 4 sec). In localization trials only, subjects were 
asked a question, via the computer monitor relative to the spatial location of the 
stimulus ('distal?' or 'proximal?'), and pressed one of two keys on the mouse to 
indicate their response ('yes' or 'no'). Localization questions were randomized so 
that subjects had to remember the position of the stimulus on the skin, and could 
not prepare in advance a motor response representative of that position. In the 
passive and offset tasks, subjects received no instructions during the response 
period and were required to make no movements. Thus, in the passive task, 
subjects received the vibrotactile stimulus, but were not required to detect its 
offset or discriminate its location. 
2.3.4 fMRI acquisition 
Ali psychophysical experiments were conducted within the fMRI research suite at 
the McConneli Brain Imaging Centre (BIC) of the Montreal Neurologicallnstitute 
at McGiII University. Functional and anatomical images were obtained on a 1.5T 
Siemens Sonata scanner (Siemens, Germany) using a standard head coil. The 
MR technician fixed the head of each subject in a comfortable position and 
immobilized it with a vacuum bag. Subjects were instructed to refrain as much as 
possible from moving throughout the imaging session and were given earplugs to 
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reduce the noise from the scanner. Subjects viewed written task instructions on 
a computer monitor (projected on a screen visible in a mirror fixed on the head 
coil) and made their responses with the hand contralateral to the stimulation, 
during the detection and localization tasks, using an MR-compatible mouse. 
Each session consisted of an anatomical scan and 4 to 6 functional runs. The 
anatomical scans were T1-weighted high-resolution scans (TR=22 ms, TE=20 
ms, flip angle=30°, FOV=256 mm, 1-mm isotropie sampling). 
The functional scans were collected using a blood oxygen level dependent 
(BOLO) protocol with a T2*-weighted gradient echo-planar imaging (EPI) 
sequence (TR=3.0 s, TE=51 ms, flip angle=90°, 64x64 matrix, 163 volume 
acquisitions). The scanning planes were oriented parallel to the anterior 
commissure-posterior commissure line and covered part of the brain from the top 
of the cortex to the base of the cerebellum (35 contiguous 4mm-thick axial slices, 
voxel size= 4x4x4mm). Each functional scanning run consisted of 4 detection, 4 
localization and 4 passive trials. 
2.3.5 Data analysis 
Functional data and anatomical images were analyzed using Brain Voyager ax 
(Brain Innovation, Maastricht, The Netherlands). Functional images were 
preprocessed (inter-scan slice time-correction, 3D motion correction, high-pass 
filtering), interpolated to 1 x 1 x 1 mm3 , and co-registered to a 3D anatomical 
image. Each distinct period within a trial that contained a stimulus, delay, or 
response event was declared as a regressor, as weil as the instruction eue 
period and baseline were likewise defined as regressors, and each event was 
further sub-categorized according to trial type (passive, offset detection, 
localization). For each subject, a generallinear model (GLM) was computed and 
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the overall model fit was assessed using an F statistic. Group activations 
(random-effects analysis) were thresholded at p< 0.05, corrected for multiple 
comparisons. Coordinates of loci of activation are given in Talairach space 
(Talairach and Tournoux, 1988). 
Additional ANOVA analyses on the % BOLO signal associated with stimulus 
presentation were made to document the differential effect of the three tasks on 
specific brain regions. First, the generallinear model analysis was performed to 
generate the cluster of areas activated by the stimulus (compared to the resting 
baseline). Then, the % BOLO signal was extracted trom each brain region of 
interest (Ieft SI, left and right Sil, left and right IC) and for each individual subject. 
We averaged the signal across 5-9sec after the onset of the vibrotactile stimulus 
(to obtain the values of the % BOLO signal that correspond to the peak of the 
hemodynamic response curve). This analysis was done separately for each trial 
type (passive, offset detection, and localization). 
We then performed a repeated-measures ANOVA with a dummy variable as a 
covariate to account for subject-related variance. The aforementioned objective 
of this analysis was to show a main effect of the task - Le. to ascertain whether 
the passive task resulted in fewer activated regions [or less activation] than the 
other two tasks. We then examined the interaction between task and brain 
region to address the question of whether some brain regions respond differently 




2.4.1 Behavioural results 
Ali subjects described the stimuli as moderately intense, but not at ail painful. 
Subjects that had received the trials in a randomized manner did not differ in 
terms of performance, or reaction time; therefore the behavioural data were 
collapsed and averaged across ail 12 subjects. Ouring the detection task, 
subjects correctly identified the offset of the vibrotactile stimulation on 96.21 % 
(5.0.: 2.38) of the trials. The mean reaction time (RT) to detect the stimulus 
offset was 427.37msec (50: 133.14msec). Moreover, the RT to detect the offset 
did not differ significantly (F=0.274, P=0.844) for the varying stimulus durations 
(3,3.25,3.5 or 4 sec). 
Ouring the localization task, subjects correctly identified the relative position of 
the stimulus on the right forearm (proximal or distal) on 87% (5.0.: 26.75) of the 
trials, with a mean RT of 745.57 msec (50: 157.92 msec) for succeeded trials 
and a mean of 1585.69 msec (5.0.: 1230.53 msec) for failed trials, measured 
from the presentation of the localization question on the monitor at the start of the 
response period. Ouring the passive task, subjects refrained from any motor 
responses on 99.81% (5.0.: 0.63) of the trials. 
2.4.2 fMRI results 
2.4.2.1 Stimulus-evoked activation (random-effects analysis) 
The functional brain activation recorded for the 3 subjects who received the trials 
in an unpredictable manner did not differ from that observed in the 9 subjects 
who received the trials in a predictable manner. Therefore, as was done for the 
behavioural data (see above), functional data were averaged across ail 12 
subjects. Compared to the resting baseline, vibrotactile stimuli applied to the 
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volar surface of the right forearm evoked significant activation levels in 
contralateral SI/PPC, bilateral 511 and bilateral alC for both detection and 
localization tasks (Fig. 2-2). The vibrotactile stimulus presented during the 
passive task was associated with a significant activation level in bilateral 511 (Fig. 
2-2). Additional areas of activation were found for the detection (Table 2-1), 
localization (Table 2-2) and passive (Table 2-3) tasks. 
To investigate the contribution of the different tasks (passive, detection, 
localization) as weil as the different brain areas (Ieft SI/PPC, left 511, right 511, left 
IC, and right IC) on the BOLO signal (activation levels) evoked by the stimulus 
presentation, we performed a repeated-measures ANOVA with a dummy variable 
as a covariate to account for subject-related variance. The ANOVA revealed a 
significant interaction (F=2.876; p=0.007) between the task factor (passive, 
detection and localization) and the brain area factor (Ieft SI/PPC, left 511, right 511, 
left IC, and right IC). The ANOVA also indicated a main within-subjects effect of 
task (F=3.895; p=0.024) and a main between-subjects effect of brain area 
(F=3.309; p=0.019). To interpret the main effects and the different levels of those 
effects, we performed an analysis of contrasts that did not include the subjects as 
a covariate, because of insufficient residual degrees of freedom. Only the 
localization task (compared to the passive task) was associated with a significant 
increase of BOLO signal in contralateral (Ieft) SI/PPC (F=7.073; p=0.022). In 
comparison to the passive task, only the detection task increased significantly the 
BOLO signal in contralateral (Ieft) 511 (F=5.350; p=0.041) and in ipsilateral (right) 
511 (F=6.851; p=0.024). The BOLO signal increase in the contralateral (Ieft) IC 
was significant for the detection task (F=20.887; p=0.001) and the localization 
task (F=18.652; p=001). Similarly for the ipsilateral (right) insula, bath the 
detection (F=23.63; p=0.001) and the localization (F=51.916; p=O.OOO) tasks (in 
comparison with the passive task) were associated with a significant increase of 
BOLO signal. 
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2.4.2.2 Activitv during the delay (random-effects analysisl 
We observed significant BOLD signal in right alC during delay 1 (versus resting 
baseline) in the localization trials only. The activation levels in right alC for the 
other 2 trial types were not significant (Fig. 2-3). In addition, the right premotor 
area (X=30 Y=-19 Z=52, t=5.51, p=O.0003) and the left supplementary motor 




This study examined the cerebral mechanisms of vibrotactile processing 
associated with different psychophysical and cognitive demands, which included 
receiving vibrotactile stimuli during a passive, offset detection, and localization 
task. We found that our ability to detect significant cerebral activation depended 
on the task demands, which differentially modulated specifie brain areas that are 
involved in the processing of innocuous vibration stimuli. 
Stimulus-evoked activitv 
With the passive task, we observed stimulus-evoked activity in bilateral Sil, which 
is consistent with the existing literature on the hemispheric lateralization of 
cutaneous tactile processing in these cortical areas. Electrophysiological studies 
have shown that Sil contains cells that have bilateral receptive fields (Carreras 
and Anderson, 1963;Petit et al., 1990) and therefore responds to mechanical 
cutaneous stimuli applied to both sides of the body (Tommerdahl et al., 2005a). 
Using functional brain imaging, several groups have also reported increased 
vibrotactile stimulus-evoked activation levels in bilateral Sil (Davis et al., 
1998;Burton et al., 2004;Nelson et al., 2004a;Nelson et al., 2004b;Golaszewski et 
al., 2006). Moreover, we found that vibrotactile stimuli presented during the 
passive task were consistently associated with lower levels of activation in 
parietal and insular regions, compared with the other two tasks (Iocalization and 
detection). 
Vibrotactile stimulation presented during the detection task evoked significant 
activation levels in contralateral (Ieft) SIIPPC, bilateral Sil, and aiC. The 
response to innocuous cutaneous stimuli in contralateral SI is usually greater 
than in ipsilateral SI; this holds for the recorded electrophysiological response 
(Tommerdahl et al., 2005a) as weil as for the BOLD signal measured with fMRI 
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(Burton et aL, 2004;Nelson et aL, 2004a;Nelson et aL, 2004b;Golaszewski et aL, 
2006). However, some reports have suggested a dominance of the right parietal 
areas in the processing of innocuous stimuli (see discussion below). Significant 
activation in SIIPPC was only associated with vibration during the detection task. 
This may be explained by the fact that subjects were required to attend to the 
entire duration of the stimulus (to detect the offset), since stimuli were of variable 
duration (ranging fram 3000 to 4000msec) and subjects could not predict the 
exact offset. These results are consistent with those of other studies 
demonstrating that higher and sustained attention levels to vibrotactile stimuli 
increase activation in SI (Meyer et aL, 1991 ;Johansen-Berg et al., 2000;Staines 
et aL, 2002). Moreover, the higher level and duration of attention to vibrotactile 
stimuli required during the detection task may explain the increased BOLO signal 
we found in right anterior insular cortex (aIC). 
With the localization task, the vibrotactile stimulus evoked activity in bilateral Sil 
and right alC, and in contralateral SIIPPC, albeit to a lesser extent than for the 
detection task. Interestingly, the ANOVA performed on the BOLO signal 
extracted in SIIPPC associated with the presentation of the stimulus revealed 
that the signal increase was significantly higher in the localization task, compared 
to resting baseline. The inter-individual anatomical variability around the central 
sulcus cou Id explain the lower t-value of the activation cluster in SIIPPC obtained 
with the group average analysis (Vincent et aL, 2006). The BOLO signal values 
were extracted in SIIPPC in individual subjects, therefore this method may be 
more sensitive to detect changes in activation levels. Burton and colleagues 
(Burton et aL, 1999) investigated the neural substrates of tactile attention with 
positron emission tomography (PET) in healthy human participants who were 
required to attend to the roughness or the duration of contact with the stimuli and 
to perform a delayed-discrimination of the roughness and/or duration between 
paired gratings. Results highlighted a common pattern of activation in 
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somatosensory areas for selected (roughness or duration) and divided attention 
to tactile stimuli (Burton et aL, 1999). 
Ipsi/ateral parietal activation 
ln ail trial types, including the passive trials, the vibrotactile stimulus evoked 
reliable activation in the ipsilateral (right) parietal cortex. These findings are 
consistent with several studies that report asymmetrical neural correlates of 
passive tactile processing lateralized to the right hemisphere, regardless of which 
hand is stimulated (Bodegard et aL, 2001 ;Harada et aL, 2004;Kitada et aL, 2006). 
A right hemispheric lateralization of activation in parietal cortex has also been 
elucidated in the processing of passively delivered innocuous and noxious 
thermal stimuli, irrespective of which arm received the stimulation (Coghill et aL, 
2001). Passive (Zhang et aL, 2005;Van de Winckel A. et aL, 2005) and active 
(Ricciardi et aL, 2006) tactile discrimination has also been found to elicit bi/ateral 
activation of frontal and parietal regions. 
Activitv during the post-stimulus delay 
During the post-stimulus delay (delay 1) in the localization task, we observed 
significant activation in right alC, suggesting that this region may be involved in 
maintaining spatial aspects of sensory stimuli in short-terrn memory. In our 
study, the activation of alC during the encoding of the tactile stimulus in 
localization and detection tasks, and the delay for localization can seem 
unexpected, given the presumed role of alC in the processing of pain stimuli 
(Apkarian et aL, 2005). However, there is increasing evidence of the importance 
of this region in the perception of innocuous sensory stimuli, such as vibration 
(Burton et aL, 1993), touch (Olausson et al., 2002;Blakemore et al., 2005), and 
non-painful cutaneous electric shocks (Pastor et aL, 2004). In fact, the right alC 
is a region that has been shown to be part of a network of cortical areas involved 
80 
in attention to innocuous sensory events (Downar et aL, 2000;Downar et aL, 
2002). Moreover, due to its intermediate position in the pathway between 
sensory and prefrontal cortex (Friedman et aL, 1986;Craig, 2005), the right 
anterior insu la could be mediating the integration of both the cognitive (attention 
and saliency) and sensory (frequency and location of stimulation) aspects of 
perception of cutaneous vibrotactile stimuli. In light of these findings, the right 
anterior insu la would be at the crossroads for integrating bath the cognitive and 
sensory aspects of processing of innocuous somatosensory stimuli. 
Potential limitations of this study 
Control of attention to the stimulus in localization trials 
We had hypothesized that vibrotactile stimuli delivered during the localization 
task would elicit a higher activation level in SIIPPC then the stimuli applied to the 
subject's arm during the offset detection or passive trials. We indeed found that 
the stimulus-evoked activation levels in those areas were much lower during the 
passive task. However, the vibrotactile stimulus-evoked activation in SIIPPC was 
higher during the detection than the localization task. This lower activation could 
be due to several factors such as task difficulty (Vincent et al., 2006) or inter-
individual differences in strategies adopted to perform the spatial discrimination. 
A more likely explanation lies in the fact that the attention during the entire 
duration of the tactile stimuli in the localization trials was not matched or 
controlled as it was in the detection task. In fact, the offset detection requirement 
ensured that subject paid attention to the entire duration of the stimulus. 
Moreover, in the context of another study, we acquired [in different subjects] 
psychophysical data on a similar localization task. The results indicated that 
subjects localized the stimulus in less than 1.5 seconds (Bohotin et aL, 2005), 
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suggesting that subjects did not need to attend to the entire duration of the 
stimulus to succeed on the localization discrimination task. This interpretation 
has its limitations, because it was elaborated post hoc, and it is based on 
psychophysical data obtained in different participants. Nevertheless, we believe 
that this may be a likely explanation in light of the attention modulation of activity 
within SI and the parietal region. 
Small N 
ln this study, the behavioural and fMRI results obtained for the 3 subjects who 
received randomized trials did not differ from the data obtained trom the other 9 
subjects who had been presented with trials in 'blocks' or in a predictable 
manner. Perhaps the fact that we did not report any difference is due to the 
greatest limitation of this study, namely the small sample size of the 
unpredictable group (N=3) for the comparison at hand. In fact, a minimum of 6 
subjects is normally considered to constitute an imaging study involving healthy 
human participants (Friston et aL, 1999). 
Further studies need to be conducted to ascertain whether the mode of 
presentation of the trials (predictable, unpredictable) impacts on the cerebral 
processing of innocuous vibrotactile cutaneous stimuli. Nevertheless, it is 
possible that the mode of presentation of the trials has no effect on the 
vibrotactile stimulus-evoked activation. Our nervous system being so 
accustomed to receiving, processing and categorizing innocuous inputs, it might 
be so exquisitely tuned to non-noxious stimulation that it remains largely 
unaffected by the way the stimuli are received. Or to put it in the experimental 
setting, the way the stimuli are embedded in trials that are presented in either a 
predictable or unpredictable manner may very weil have no effect on the cerebral 
processing of those stimuli. 
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2.6 Conclusions 
ln the present study, we have shown that vibrotactile-related fMRI activation 
within SIIPPC and alC is enhanced by the increased levels of attention and 
cognitive demands required by the detection and localization tasks. Activation of 
alC during vibrotactile stimulation, and during the post-stimulus delay in the 
localization trials, is consistent with the growing literature linking this area with the 
perception and short-term memory of tactile information. 
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Figure 2-1. Stimulation protocol 
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Figure 2-1. The experiment consisted of 3 trial types: passive, detection, and 
localization, in which subjects always received a single stimulus from one of the 
two stimulators placed on their arm. During the passive task, subjects received 
the stimulus, but no response was required neither at the end of the stimulus nor 
at the end of the trial. During the detection task, subjects detected the offset 
(end) of the stimulus and signaled their response by pressing a mouse key with 
their left hand. No response was required at the end of the trial. During the 
localization task, subjects received the stimulus, and after a 4-5 delay, they were 
asked to indicate by pressing a mou se key with their left hand whether the 
stimulus was distally or proximally located. During the localization task, subjects 
were not required to detect the offset of the stimulus. 
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Figure 2-2. Task demands modulate stimulus-related activity 
A) Detection task B) Locallzation task C) Passive task 
Figure 2-2A. Vibrotactile-related activation for the detection task (random-effects 
analysis). During the detection task, stimulus-evoked activity was found in 
contralateral (L) SI/PPC, bilateral 511 and aiC. Figure2-2B. Vibrotactile-related 
activation for the localization task. During the localization task, stimulus-evoked 
activity was found in bilateral 511 and alC, and in SIIPPC, although to a lesser 
extent than for the detection task. Figure 2-2C. Vibrotactile-related activation for 
the passive task. During the passive task, stimulus-evoked activity was found in 
bilateral SIL No activation was seen in SI/PPC or in aiC. 
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Figure 2-3. Anterior insular cortex (aIC) activation during delay 1 
Figure 2-3. Ipsilateral (right) alC activation during the delay 1 was only seen in 
the localization task (random-effects analysis). No significant activation in alC 
was seen during the delay for either the passive or the detection task. Direct 
comparisons among the 3 tasks indicated that the right alC activity was 
significantly greater in the localization task compared to that of the detection or 
passive tasks. 
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Table 2-1. Additional areas of stimulus-evoked activation (detection task) 
Brain Area X Y Z T value 
LtSMA -6 -10 58 13.74 
Rt premotor 33 -19 55 9.54 
RtSI 51 -25 37 9.52 
Rt inferior 45 5 8 7.90 
frontal/mid IC 
RtVLPFC 36 38 37 3.81 
Lt cerebellum -27 -46 -26 10.90 
Rt eerebellum 21 -58 -26 5.72 
Table 2-1. Vibrotaetile stimulus-evoked activity for the deteetion task. 
Coordinates are given in Talairaeh space (Talairaeh and Tournoux, 1988). 
Lateral (X), anterior (Y), and superior (Z) stereotaxie coordinates (mm) are 
relative to midline, anterior commissure, and commissural line, respeetively 
(positive values are right, anterior and superior). Lt: left; Rt: right; SMA: 
supplementary motor area; SI: primary somatosensory cortex; IC: insular cortex; 
VLPFC: ventrolateral prefrontal cortex. T -values that have a corresponding p-
value of 0.05 or lower (corrected for multiple comparisons) are in bold. 
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Table 2-2. Additional areas of stimulus-evoked activation (Iocalization task) 
Brain Area X Y Z Tvalue 
SMA 3 14 46 4.28 
Rt premotor 30 -13 58 4.42 
Lt PPC -3 -61 55 4.11 
RtPPC 36 -51 37 5.19 
RTSI 45 -33 49 5.09 
Lt inferior -45 14 4 6.30 
frontal 
Rt inferior 45 14 1 5.59 
frontal 
Rt inferior 51 8 21 5.97 
frontallmid IC 
Lt cerebellum -30 -52 -38 6.69 
Rt cerebellum 30 -49 -35 5.16 
Table 2-2. Vibrotactile stimulus-evoked activity for the localization task. 
Coordinates are given in Talairach space (Talairach and Toumoux, 1988). 
Lateral (X), anterior (Y), and superior (Z) stereotaxie coordinates (mm) are 
relative to midline, anterior commissure, and commissural line, respectively 
(positive values are right, anterior and superior). Lt: left; Rt: right; SMA: 
supplementary motor area; SI: primary somatosensory cortex; IC: insular cortex; 
PPC: posterior parietal cortex. T -values that have a corresponding p-value of 
0.05 or lower (corrected for multiple comparisons) are in bold. 
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Table 2-3. Additional area of stimulus-evoked activation (passive task) 
1 Brain Area x y Z Tvalue 
RtSI 54 -31 43 6.05 
Table 2-3. Vibrotaetile stimulus-evoked activity for the passive task. 
Coordinates are given in Talairaeh spaee (Talairaeh and Tournoux, 1988). 
Lateral (X), anterior (Y), and superior (Z) stereotaxie coordinates (mm) are 
relative to midline, anterior commissure, and commissuralline, respectively 
(positive values are right, anterior and superior). Rt: right; SI: primary 
somatosensory cortex. The reported t-value has a corresponding p-value of 0.05 
or lower (correeted for multiple comparisons) and is in bold. 
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3 Chapter 3: RESPONSES IN HUMAN CORTEX ASSOCIATED WITH 
SHORT-TERM MEMORY OF PAINFUL STIMULI PRESENTED IN A 
PREDICTABLE, NON-RANDOMIZED MANNER 
Preface 
The findings from the previous chapter suggested that the activation levels 
evoked in certain brain areas by vibrotactile stimuli were more pronounced when 
the stimuli were delivered during detection and/or localization task(s). 
Specifically, activation was higher in primary somatosensory/posterior parietal 
cortex (SI/PPC) and anterior insular cortex (aIC) when the psychophysical task 
required a higher level of attention to the stimulus. Moreover, we did not observe 
any difference in brain activation patterns that could be ascribed to the mode of 
presentation of the trials (predictable or randomized). The experiment described 
in the previous chapter did not thoroughly address short-term memory of 
somatosensory stimuli, but the findings obtained trom it helped shaping the 
design of the studies presented in Chapters 3 and 4. 
Contrary to our hypothesis that we would report a greater activation level in 
SIIPPC following vibrotactile stimulation delivered within the localization task, we 
found that the stimulus-evoked activation levels in those areas were more 
pronounced during the detection task. We implemented this aspect in the 
experimental design of the pain studies presented in this and the following 
chapter by designing a task in which the subject is required to encode both the 
intensity and spatial characteristics of the stimulus. 
Moreover, as was suggested in the previous chapter, the detection of the offset 
of the stimulus required in the detection task, ensured that the subject attended 
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to the stimulus during its entire duration. This is an important factor, because the 
lack of attention to sensory stimuli, particularly painful stimuli, has been 
suggested to be one explanation for the absence of activation of SI in nearly half 
the brain imaging studies of experimental pain. 
Although in the previous study involving innocuous vibrotactile stimuli we did not 
report differences in brain activation levels or patterns associated with the various 
modes of presentation of the trials (predictable or unpredictable), we 
nevertheless decided to thoroughly investigate this question in the pain domain. 
ln the previous vibrotactile study, memory was not explicitly investigated, even 
though memory was an implicit requirement in the performance of the localization 
task. In this event-related fMRI pain study (Chapter 3), pain memory was the 
main scientific question and objective. We considered the question of trial order 
(predictable or randomized) to be a critical factor that could potentially impact on 
memory for noxious stimuli. With the presentation of the experimental and 
control trials in a predictable manner, we wanted to avoid overloading the 
subjects with task-specific memory (i.e. having to remember what was the current 
trial type). We thought this task-specific memory was an additional requirement 
that cou Id interfere with the brain activation evoked by the pain stimulus-related 
memory that we were trying to investigate. From this perspective, the predictable 
trial presentation had several theoretical advantages. First, the predictable 
design could have the potential for a more sensitive analysis of the reg ressors 
that were presented in blocks. Second, there would be less of a cognitive load 
that might interfere with sensory memory. However, we will see that several 
disadvantages resulted from this experimental design in comparison to the 
randomized trial presentation design (Chapter 4), namely a general decrease in 
stimulus- and memory-related activation. 
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The rationale for studying short-term memory for pain is the following; the 
memory of pain corresponds to a mental representation of a previous exposure 
to noxious stimulation. Therefore, this pain memory likely relies on neural 
networks that are involved in the conscious experience of pain. During the 
maintenance of specific aspects of pain in memory, this 'pain network' (SI, Sil, 
ACC, IC and frontal areas) is presumably activated, even in the absence of the 
physical application of a noxious stimulus. 
ln recent years, there has been a growing interest in the human cerebral basis of 
a mental representation of pain. A handful of brain imaging studies have 
assessed the cerebral correlates of pain empathy (ability to recognize and 
perceive the affective components of the pain of another, in the absence of a 
painful stimulus) or the long-term memory of the affective aspects of pain. These 
studies have predominantly reported activity in regions previously associated with 
processing of the affective aspects of pain, for example the anterior cingulate 
cortex (ACC), and have failed to detect significant activation levels in SI/PPC (a 
region thought to encode sensory-discriminative aspects of pain, su ch as the 
intensity or location of the stimulus). 
We were specifically interested in the mental representation of the sensory-
discriminative aspects of pain (intensity and spatial characteristics of noxious 
stimuli). To do so, we used a delayed-discrimination task that allowed us to 
investigate the short-term memory for pain. In particular, we hypothesized that 
the functional separation of the sensory-discriminative from the affective aspects 
of pain, which has been reported in the majority of brain imaging studies on 
experimental pain would also extend to the short-term memory of pain. We are 
aware of one psychophysical study that has thoroughly investigated short-term 
memory for sensory-discriminative aspects of heat pain, but to our knowledge, no 
imaging study on the short-term memory of pain has been published. 
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This chapter describes a study that examines the cerebral correlates of short-
term memory for noxious thermal stimuli presented in trials that were delivered in 
a predictable order during an intensity/localization task. The experimental design 
of the study presented in Chapter 3 provides an adequate control for the 
interstimulus interval (ISI) or delay, against which memory processes can be 
contrasted and investigated. This study can be contrasted with the study 




This event-related fMRI study examined the effects of task order predictability on 
cerebral activity evoked during a delayed-discrimination heat-pain task. Eight 
subjects participated in 3-6 scanning runs, each containing 6 memory and 6 
control trials presented in a predictable order. Ali trials consisted of an initial 
visual eue denoting the condition (memory or control) and two 6-s noxious stimuli 
separated by a variable delay (ISI = 6, 8 & 1 O-s) presented to the palm of the 
right hand. Ali trials required a keypad response with the left hand at the offset of 
each stimulus and at the end of the trial, thus ensuring equivalent levels of 
attention and motor activity in each trial. Memory trials further required a 
spatial/intensity discrimination of the stimuli. In response to the stimuli, we 
detected increased activation in contralateral secondary somatosensory cortex 
(Sil), bilateral insular cortex (IC) and inferior frontal gyrus (IFG). In contrast to 
what we report in Chapter 4, in the current study we did not find any memory-
specifie activity during the delay (ISI) in any of the regions of interest in which the 
stimuli had evoked a significant SOLO signal (Stimulus 1-generated region-of-
interest mask). Following a general linear model encompassing the entire brain 
as a search area, we found memory-specific activity during the delay (ISI) in 
bilateral dorsolateral prefrontal cortices (OLPFC). The results may provide 
insight into the influence of task design on the responsiveness of cerebral areas 




Task design, manipulating the repetition rate of a stimulus, influences the 
magnitude of the stimulus-evoked BOLO response as measured in fMRI studies 
(Maccotta and Buckner, 2004;Robinson et aL, 2006). In general, stimulus 
patterns presented in blocks (block designs) are associated with a greater signal 
detection power (Friston et aL, 1999;Liu et aL, 2001 ;Birn et aL, 2002), but 
Mechelli and colleagues (Mechelli et aL, 2003) have shown that an event-related 
analysis of stimuli presented in blocks yields a more accu rate model of the 
hemodynamic response than the classical block analysis. 
ln addition to the repetition rate of stimulus presentation, cognitive factors and 
task relevancy can also modulate behavioural responses and cortical activity. 
For example, during somatosensory processing of painful stimuli, attention and 
previous experience with pain impact on the activation in certain brain areas, 
particularly in primary somatosensory cortex (SI) (for a review, see (Bushnell et 
aL, 1999)). Predictability of stimulus presentations has also been shown to 
influence brain activation levels, such that unpredictable stimuli are associated 
with higher levels of cerebral activity than predictable stimuli «Berns et aL, 
2001 ;McClure et aL, 2003), for rewarding stimuli; (Blakemore et aL, 1998), for 
auditory stimuli). Furthermore, there was a reported decrease in brain activity 
during a PET study involving a long-term repetitive attention task, in which 
subjects had to correctly detect an intensity drop of auditory stimuli for a period of 
60 minutes (Pa us et aL, 1997). In their study of an auditory vigilance task, the 
authors found, as a function of time, a concomitant decrease in vigilance and 
cerebral blood f10w in several cerebral areas, especially in the network of fronto-
parietal areas. This led us to question the impact of repetition of a 
psychophysical task on both performance of a delayed intensity/spatial 
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discrimination of heat pain cutaneous stimuli, and the related detectable changes 
in activity within relevant cerebral regions. 
The predictability of the context (trial type) within which noxious thermal 
somatosensory stimuli are presented and its impact on cerebral activation has to 
our knowledge never been investigated. The goal of this study was to investigate 
the effect of predictability of a cognitive task or 'cognitive set' on cerebral 
activation levels associated with the perception and short-term memory of heat 
pain stimuli. 
We hypothesized thata task design that modulates predictability of cognitive 
demands surrounding the stimulus presentation may differentially affect, and 
presumably produce a decrease in brain activity associated with short-term 
memory of sensory information. In particular, we hypothesized that a lower 
BOLO signal associated with the perception of predictable stimuli would be seen 
in parietal areas, specifically in primary somatosensory cortexlposterior parietal 
cortex (SI/PPC), an area that is sensitive to cognitive manipulations of the 
context surrounding the presentation of noxious stimuli. 
Using event-related fMRI, we investigated activation patterns in the 
somatosensory system in response to cutaneous heat pain stimuli presented in a 
predictable manner (blocked memory trials followed by ail the control trials, 
counterbalanced across scanning runs and subjects). We essentially performed 
an event-related analysis of independent trials presented in a 'block' pattern. 
These data have been reported in abstract form (Ouerden et al., 2005). 
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3.3 Materials and Methods 
3.3.1 Subjects 
Eight right-handed normal volunteers (4F, 4M, mean age: 26 years, S.O. 1.5) 
were recruited for a pain and memory fMRI study. Prior to the scanning 
sessions, we established the pain threshold for each subject, and ail subjects 
were familiarized with the stimuli and the experimental design. The Research 
Ethics Board of the Montreal Neurological Institute and Hospital approved the 
study. Ali subjects gave written informed consent and were financially 
compensated for their time commitment to this study. 
3.3.2 Stimuli 
Thermal stimuli (47.5-53°C for heat pain) were delivered by 2 contact thermodes 
(TSA Peltier device, 9-cm2, Medoc Advanced Medical Systems, Ramat Yishai, 
Israel) placed on the thenar and hypothenar eminences of the subjects' right 
hand. On each discrimination trial, the two stimuli were presented sequentially to 
the two stimulation sites, the order of which was counterbalanced and pseudo-
randomized across trials. The differences in intensity (.:1 Ts) of the two stimulus 
presentations ranged from 0.1-1.5 oC, and were, likewise, counterbalanced and 
pseudo-randomized across trials. The magnitude of .:1 Ts was chosen to ensure 
task difficulty and minimize the subjects' tendency to categorize sensory 
characteristics of the noxious stimuli. Specifie temperatures presented to 
individual subjects during individual runs were adapted to the perception of the 
subject, in order to maintain a (post-run) rating of moderate pain. 
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3.3.3 Experimental paradigm 
The delayed-discrimination task (Fig. 3-1) evolved from a series of 
psychophysical trials specifically designed to study the memory of pain sensation 
intensity (Rainville et aL, 2004). At the beginning of each trial, subjects viewed a 
written eue on the monitor (4-sec duration) indicating whether the following trial 
was a memory or a control trial ("memory trial" or "offset trial", respectively). The 
first trial of each run was either a memory or a control trial (random order). 
~owever, the following 5 consecutive trials would be of the same kind (e.g. 
memory) as the first trial. Similarly, the last 6 trials would be of the other kind 
(e.g. control, if the first 6 had been memory trials). After the eue, a first heat 
stimulus (6-sec duration, 4-sec plateau) was delivered to one of the two locations 
on the right hand, followed by an interstimulus interval (delay 1) of 6, 8, or 10 sec, 
and then a second stimulus (6-sec duration, 4-sec plateau) delivered to the other 
stimulation site. A second delay (delay 2) of 6 sec separated the stimulation 
period from the response period. In memory trials, subjects were directed bya 
prompt on the monitor (duration of 4 sec) to indicate the location of the stronger 
(or weaker) stimulus ("which stimulus greater?" or "which stimulus less?"). These 
response prompts were presented in a pseudo-random manner (1:1) among 
memory trials to ensure that subjects cou Id not prepare their specifie sensori-
motor decision and motor response before the end of delay 2. Subjects 
responded by tapping on an fMRI-compatible mouse button (Ieft hand: digit 2 = 
thenar stimulation; digit 3 = hypothenar stimulation) until the discrimination 
question disappeared from the screen. In the control trials, subjects were 
similarly instructed either to tap "digit 2" or "digit 3" of the left hand on the 
appropriate mouse button for the 4-sec response period. (This 4-sec left-hand 
tapping at the end of the trial was designed to produce a robust motor activation, 
which cou Id be used as a standard of comparison for pain-related activation 
evoked by the noxious stimuli presented to the opposite hand during the 
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stimulation period of the trial). Each trial ended with a 4-sec post-response and 
baseline periods, the latter being used as a basis for comparison during the 
analysis of stimulus- and memory-related activity. 
The control trials were comparable to the memory trials with respect to visual and 
thermal stimuli, as weil as motor responses, except that control trials did not 
require subjects to perform any sensory discrimination between the pairs of 
stimuli. In order to standardize and maximize attention to the entire duration of 
the stimulus presentations during both memory and control trials, subjects were 
required to detect the termination (offset) of each thermal stimulus and respond 
by producing a single tap of the mouse with their left hand. 
3.3.4 fMRI acquisition 
Cerebral activity associated with perception, encoding, or retention of the heat 
pain stimuli was measured with functional Magnetic Resonance Imaging (fMRI). 
We acquired the imaging data at the McConnell Brain Imaging Centre (BIC) of 
the Montreal Neurological Institute at McGiII University on a 1.5T Siemens 
Sonata scanner (Siemens, Germany) using a standard head coil. The MR 
technician fixed the head of each subject in a comfortable position and 
immobilized it with a vacuum bag. Subjects were instructed to refrain as much as 
possible from moving throughout the imaging session and were given earplugs to 
reduce the noise from the scanner. Subjects could see a computer monitor 
projected on a screen viewed via a mirror placed in front of the subject's eyes. 
Subjects were also given an MR-compatible mou se to perform the discrimination 
task. 
Each session consisted of an anatomical scan and 3 to 6 functional runs. The 
anatomical scans were T1-weighted high-resolution scans (TR=22 ms, TE=20 
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ms, flip angle=30°, FOV=256 mm, 1-mm isotropie sampling). The functional 
scans were collected using a blood oxygen level dependent (BOLO) protocol with 
a T2*-weighted gradient echo-planar imaging (EPI) sequence (TR=2.0 s, 
TE=51ms, flip angle=90°, 64x64 matrix, 253 volume acquisitions). The scanning 
planes were oriented parallel to the anterior commissure-posterior commissure 
line and covered part of the brain from the top of the cortex to the base of the 
thalamus (23 contiguous 5mm-thick axial slices, voxel size= 5x5x5mm). 
3.3.5 Data analysis 
Functional data and anatomical images were analyzed using Brain Voyager QX 
(Brain Innovation, Maastricht, The Netherlands). Functional images were 
preprocessed (inter-scan slice time-correction, 3D motion correction, high-pass 
filtering), interpolated to 1 x 1 x 1 mm3 and coregistered to 3D anatomical 
images. 
The primary objective of this study was to test for possible evidence of short-term 
memory-related processes within regions of the brain that are initially responsive 
to the sensory-discriminative aspects of painful stimuli delivered in a 'block' or 
predictable manner. Thus, the first step in our analysis process was to establish 
an appropriate region of interest (ROI) for this directed search (Supplementary 
Figure 3-1). To define this pain-processing ROI, we performed a contrast 
between activation evoked by the first noxious stimulus (STIM1) delivered in 
each trial and the baseline period that separated the trials (Fig. 3-1: the final 
period of each trial). Both experimental and control trials were included in this 
. analysis to ensure a robust stimulus-evoked response and hence a relatively 
inclusive ROI; activation evoked during the second noxious stimulus was not 
used to form this stimulus-related mask, since responses during this period were 
more likely to include memory- and/or discrimination-related processes, in 
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addition to those directly related to pain. In order to minimize extraneous 
activation during this period, which might be less Iikely to have been directly 
related to the noxious stimuli, this search for stimulus-related activation was 
restricted ta regions of the brain that are generally associated with pain 
processing ((Apkarian et aL, 2005): bilateral regions of the postcentral gyrus, 
superior parietal lobule, cingulate region, insula, inferior and middle frontal gyri; 
search volume: 240 273mm3). Activation evoked by the noxious stimuli, as 
revealed by this contrast was thus used as an objective definition of the pain-
processing ROI (Table 3-1). Boundaries for this ROI were automatically 
determined by the strict statistical criterion of p=0.05 (t=4.07), random-effects 
generallinear model (GLM), corrected for multiple comparisons (using stat-
threshold (http://www.math.mcgill.calkeithlfrnristatl)) within the cerebral volume of 
pain responsiveness previously established (Apkarian et aL, 2005). Thus, using 
these criteria, the pain ROI used in our initial search for short-term memory 
associated with noxious stimuli included bilateral regions of the primary 
somatosensory / posterior parietal cortex (SIIPPC), secondary somatosensory 
cortex (511), and insular cortex (IC). Although areas of activation were also 
observed bilaterally in the anterior cingulate cortex (ACC), a region frequently 
associated with pain affect, these failed to reach our threshold of significance 
established for our ROI, perhaps reflecting the strong emphasis placed on 
subjects' attention towards sensory-discriminative aspects of the noxious stimuli. 
A secondary objective was to identify brain regions involved in memory and 
discrimination, outside the network of pain processing, for which we performed a 
whole-brain random-effects analysis, with results described for activation 
reaching a significance of p=0.05 (t=4.7), random-effects GLM, corrected for 
multiple comparisons within the more inclusive, unmasked whole-brain volume, 
as described above. 
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Ali statistical contrasts conducted for the group analyses were performed using a 
random-effects GLM (Friston et aL, 1999), and results were corrected for multiple 
comparisons for the specifie search volume, as indicated above. Each distinct 
period within a trial that contained a stimulus, behavioural, or response event was 
declared as a regressor: the instruction eue period, interstimulus intervals, 
baseline and post-response periods were likewise defined as regressors, and 
each event was further sub-categorized according to trial type (experimental or 
control). Contrasts for stimulus-related or memory-related effects compared 
separately for each of the conditions (experimental and control) the appropriate 
stimulus or interstimulus "memory" regressor to the baseline regressor, which 
occurred at the end of the trial; ail other regressors that are not part of the 
contra st are automatically entered as covariates of no interest in the analysis. 
This approach thus minimizes the influence of other events that are not directly 
compared with the GLM. Contrasts for memory-specific effects compared 
experimental and control trials for the appropriate regressor. 
ln summary, the strategy of the analysis was conceived to avoid any potential 
confounds of long-term memory and learning. Ali analyses are averaged across 
the full experimental session and thus do not represent any learning-related 
changes in perception that might occur across the different experimental runs 
within a session. Likewise, time-course data are averaged across ail trials and ail 
sessions and thus cannot show any trial-to-trial changes in perception. 




3.4.1 Behavioural results 
During both memory and control tasks, ail subjects described the noxious heat 
stimuli as painful but tolerable. Likewise, the reaction time to detect the offset of 
the noxious stimuli did not differ significantly between the experimental memory 
(4144 ms) and control (4143 ms) conditions (F=0.080, p= 0.778). However, the 
first (4350 ms) differed from the second (3937 ms) presentations of the stimulus 
in each trial (F= 11.746, p= 0.001). These behavioural results confirm that the 
subjects' perceptions were consistent with the experience of painful heat, and 
that the subjects engaged in similar levels of attention directed towards the 
noxious stimuli presented within the two tasks, except for the fact that subjects 
consistently took longer to detect the offset of stimulus 1 in both the memory and 
control trials. The subjects' performance in making spatial-intensity 
discriminations between the pairs of stimuli in each trial, was uniformly very low 
(mean = 46%, SE = 8%) and did not vary in a reliable manner with the variable 
size of L\ T, or as a function of time in the successive trials. Our failure to show a 
correlation between performance and L\ T reflects the difficulty of the 
psychophysical task, which was designed to minimize the subjects' tendency to 
categorize the intensity of the stimuli. In addition, comparisons between two 
thermodes (which may have slightly different stimulation characteristics) as weil 
as comparisons between two different stimulus locations (which may, li kewise , 
have different perceptual characteristics) might also have contributed to the 
inherent difficulty of the task. However, this situation did not appear to disturb 
subjects or interfere with their concentration on the task, since there was no 
presentation of feedback, which could have created a discrepancy between the 
stimulus characteristics and the subjects' perception of those characteristics. 
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3.4.2 FMRI results 
3.4.2.1 Stimulus-evoked activation Crandom-effects analysis) 
The pain ROI (Supplementary Figure 3-1) described in the Methods was defined 
using the most robust comparison available in this study - the initial noxious 
stimulus (STIM1) vs. baseline, averaged across ail experimental and control trials 
(Table 3-1). As can be seen in Table 3-1, STIM1 evoked activation in 
contralateral secondary somatosensory cortex (Sil), bilateral insular cortex (IC) 
and inferior frontal gyrus (IFG). No significant activation was detected in primary 
somatosensory cortex (SI) or posterior parietal cortex (PPC). Separate analyses 
of experimental and control trials, comparing STIM1 vs. baseline, likewise 
demonstrated significant (or near-significant) activation in most of these regions 
within the pain ROI (Table 3-2-A), in spite of the reduced number of noxious 
stimuli included within each analysis. A direct comparison of the experimental 
and control trials for activation during the STIM1 period, demonstrated that 
responses to the noxious stimulation during these two conditions was remarkably 
similar, with the single exception of the contralateralleft insular cortex, which was 
significantly more responsive to noxious stimuli presented during the 
experimental memory condition (Table 3-2-A). Analyses of data recorded during 
presentation of the second noxious stimulus (STIM2) of each trial demonstrated 
comparable levels of activation within the pain ROI during both experimental and 
control conditions (Table 3-2-8), compared with that observed for STIM1; and, 
contrary to what was observed during STIM1, stimulus-related responses within 
the pain ROI during STIM2 were very similar for the two conditions. 
Taken together, this stimulus-related activation, within the generally 
acknowledged pain network, is consistent with the subjects' description of the 
noxious stimuli as painful. These data further serve as a validation for the 
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perceptual demands of the control trials, in that subjects appear to have 
perceived and processed the noxious stimuli similarly in both tasks, independent 
of differences in cognitive strategies evoked by task-specific instruction cues that 
preceded each trial. 
3.4.2.2 Activitv during the delay (181) (random-effects analysisl 
ln order to elucidate pain-processing areas potentially involved in the short-term 
memory of painful sensations, activity within the pain ROI, recorded during the 
interstimulus interval (ISI) was analyzed for both the experimental memory trials 
and the control trials. Figure 3-2 and Table 3-3 iIIustrate the highly significant 
activation that was observed during both tasks during the ISI, when compared to 
the resting baseline activity. Ali regions within the pain ROI, which had been 
associated with significant STIM1-related activation (Tables 3-1 and 3-2-A), 
demonstrated strong levels of activity during the ISI (delay preceding the second 
stimulus), i.e. after those stimuli were terminated (Table 3-3). However, 
activation that was specifie to the memory requirements of the experimental trials 
failed to reach significance in ail of those regions. In fact, the subtraction of the 
activation obtained during the delay in control trials trom that recorded during the 
delay in experimental trials, did not reveal any significant memory-specific 
activation in any of the regions of the pain ROI. This contrast is a very strict 
comparison, because the subtraction eliminates any collateral activation resulting 
from either 1) the lagging hemodynamic response associated with STIM1, 2) the 
expectation of STIM2, or 3) the short motor response required for the detection of 
the offset of STIM1. 
We then analyzed the same contrast (Delay-associated activation: Experimental 
minus Control trials) after performing a global search encompassing the entire 
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brain, i.e. without limiting ourselves to the brain regions responsive to STIM1 
used to generate the pain ROI. As can be seen in Table 3-5-8, short-term 
memory-specific activation recorded in the bilateral dorso-Iateral prefrontal cortex 
(OLPFC) was found to be significant. Comparison of the time-course data for the 
two tasks, taken from the areas of activation within left OLPFC iIIustrates the 
enhanced BOLO signal recorded during the memory trials, compared with that of 
the control trials, beginning with the onset of the interstimulus memory period 
following the initial noxious stimulus (Fig. 3-3). Although the contrast testing for 
the memory-specific activity during the delay activity revealed significant activity 
in the right (ipsilateral) OLPFC (Table 3-5-8), the time-course extracted for both 
the experimental and control trials from that cluster of activation was not as 
clearly separated as for the left (contralateral) OLPFC. 
3.4.2.3 Discrimination-related activitv (random-effects analysis) 
The delayed discrimination task, used in the experimental trials, required subjects 
to remember sensory aspects of the first noxious stimulus for the duration of the 
ISI, and thus activity during the delay is directly associated with short-term 
memory of the pain stimulus, as we have presented above. Also, inherent to this 
task is an active comparison and ultimate discrimination of the two stimuli - a 
process that begins with the onset of the second stimulus (STIM2). One would 
hypothesize that any potential discrimination-related activity that might occur 
within the pain processing areas would be revealed by a comparison of 
responses recorded during experimental and control trials for activation that was 
specifie to the STIM2 period. The possibility of this additional discriminative 
process, during the presentation of STIM2, led to our exclusion of STIM2 activity 
from the formulation of the pain ROI, in which we wanted to maximize stimulus-
related (as opposed to cognitive) activation. A comparison of the results 
iIIustrated in Tables 3-2A and 3-28 support the hypothesis that sorne additional 
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process or modulation of activity may occur during STIM2, since activation, 
although comparable, nevertheless appears slightly stronger during STIM2 than 
in STIM1, when analyzed relative to the resting baseline activity. A direct 
comparison of activation levels observed during the two stimulation periods is 
presented in Table 3-4, confirming in both experimental and control trials the 
significantly stronger activation during STIM2 in most regions within the pain ROI 
(activation during control trials within left Sil and IFG shows a trend, but fails to 
reach the significance threshold of t=3.56). However, this increased activity in 
the pain ROI during STIM2 is not convincingly specifie to the discrimination 
process, itself, since the effect was also observed during control trials, when 
subjects were not required to discriminate the pairs of stimuli. Thus, we can not 
stipulate that there exists any significant difference between experimental 
memory/discrimination trials and control trials despite the enhanced STIM2 




We report a significant increase in pain stimulus-evoked activity in areas 
associated with the processing of noxious stimuli, i.e. contralateral (Ieft) 
secondary somatosensory cortex (511), bilateral insular cortex (IC) and bilateral 
inferior frontal gyrus (IFG). We did not detect any stimulus-evoked activation in 
SI/PPC; this absence of SI activation may have been due to the predictable 
sequence of the memory and control trials during each scanning run. Support for 
this cornes from an fMRI study on the predictability of painful cutaneous stimuli 
that investigated external or self-administered pain (Helmchen et aL, 2006). 
Authors reported a lower level of activity in SI, but not in 511, in response to the 
self-generated, predictable stimulus, compared to the externally generated, 
unpredictable painful stimulus. The absence of parietal cortex activation that we 
reported in the current study as a potential result of the predictable trial 
presentation, is consistent with the results of Paus and colleagues (Paus et aL, 
1997). In lheir PET study of an auditory vigilance task, the authors found a 
decrease in vigilance and arausal as a function of the "time-on-task", concomitant 
to a lower cerebral blood flow in several cerebral areas, including the parietal 
cortex (Paus et aL, 1997). Sorne methodological differences exist between Paus' 
and our study, the most prominent of which is undoubtedly the time-scale of the 
experiment. The repetitive attention task in Paus' experiment unfolded over a 
period of 60 minutes; clearly the time-scale in our study was much shorler. 
Activation levels for the first stimulus (STIM1) in memory and control trials were 
quite comparable in the pain ROI. When we subtracted the activation levels of 
STIM1 in contrais fram that obtained in memory trials, we found a significant 
increase in BOLD signal in contralateral (Ieft) IC within the pain ROI. The left 
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insula may involve neuronal pathways that are critical for mental processing of 
pain-related experiences, and has been activated during imagery of painful 
movements in a chronic pain patient (Rosen et al., 2001). Moreover, Kong and 
colleagues have found increased activity in left IC that was associated to both 
encoding and evaluation of painful stimuli (Kong et al., 2006). The authors 
concluded that the IC plays an important raie in the encoding of pain sensation 
and the cognitive processing of sensory input. In our study, the left IC, and not 
Sil, may have mediated the heightened cognitive processing of STIM1 
associated with the memory condition. 
Following a global search encompassing the entire brain, we also found 
significant activation specifically related to the processing of the STIM1 in 
memory trials (STIM1: memory minus control) in ipsilateral (right) posterior 
parietal cortex (PPC). Our task was designed so that subjects encoded both the 
intensity and spatial aspects of the painful stimulus; the right PPC has been 
shown to process spatial aspects of painful stimuli (Coghill et al., 2001). 
Therefore, in our study, increased activation of the PCC is likely to reflect the 
critical processing and retention of the spatial information required to perform the 
memory task. The PPC is involved in both the encoding and retention (activity 
during the delay) of spatially organized visual stimuli (Curtis and D'Esposito, 
2006), suggesting that the PPC contains a 'map' of sensory stimuli, whether they 
are visual (Gottlieb et al., 1998) or somatosensory (Coghill et al., 2001). 
When we performed the same contrast (STIM2: memory minus control) to assess 
the cerebral activation specific to the encoding of the second stimulus (STIM2) in 
memory trials, we did not find any significant activation in the regions included in 
the pain ROI. However, a global search of the entire brain revealed me mory-
specific activation related to the presentation of STIM2 in ipsilateral (right) PPC 
and pre-supplementary motor area (pre-SMA). The cognitive demands 
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associated with the presentation of STIM2 are potentially higher than those 
related to STIM1. Consistent with the aforementioned involvement of the PPC in 
processing spatial aspects of the noxious stimulus, is the consideration that when 
the subjects receive STIM2, they presumably encode the intensity and spatial 
aspects of the stimulus concomitantly with at least a partial discrimination or 
comparison of STIM2 with the remembered aspects of STIM1. The pre-SMA, a 
region trequently activated by the presentation of pain stimuli (Becerra et aL, 
1999;Coghill et aL, 1999;Kwan et aL, 2000;Moulton et aL, 2005) was also 
preferentially recruited during the perception of STIM2 in the memory condition 
compared to the control trials (global search of the entire brain). The pre-SMA is 
a region involved in cognitive aspects of behaviour (Picard and Strick, 1996) such 
as the temporal discrimination of tactile sensory stimuli (Pastor et aL, 2004) and 
auditory input (Pastor et aL, 2006). 
Memorv-specific activation during the delay (lSI) 
None of the areas constituting the pain ROI showed memory-specific activation 
during the delay (lSI). When we performed a global search encompassing the 
entire brain, we found memory-specific activation during the delay in bilateral 
dorso-Iateral prefrontal cortex (OLPFC). The OLPFC is consistently activated in 
brain imaging studies involving experimental pain (Apkarian et al., 2005). The 
OLPFC also plays an important role in balancing attention to external stimuli and 
internai thought processes (Simons et aL, 2006). The memory-specific activation 
that we observed during the interstimulus interval within the dorso-Iateral 
prefrontal cortex (OLPFC) is consistent with many previous studies 
demonstrating a role for the frontal lobes in working memory for innocuous 
cutaneous stimuli (Romo and Salinas, 2003;Romo et aL, 1999), verbal material 
(Owen et aL, 2005), and more generally in the active comparison and retrieval of 
information in both short- and long-term memory (Petrides, 2005). 
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Potential limitations or confounds 
Low performance 
The performance scores on the delayed-discrimination task were consistently 
very low, and did not decrease as a function of time, as was found in the study by 
Paus and colleagues (Paus et aL, 1997). The low performance could be related 
to the absence of activation in primary somatosensory cortex/posterior parietal 
cortex (SI/PPC) during the perception and encoding of either STIM1 or STIM2. It 
is impossible to determine causation in an fMRI experiment, therefore we can 
only speculate about the correlation between the absence of SI/PPC activation 
and a low performance on the delayed-discrimination task. In another study we 
have conducted using the same experimental paradigm, with the exception that 
the memory and control trials were presented randomly (in an unpredictable 
manner), we found higher performance scores, correlated with a strong activation 
of SI/PPC during encoding of STIM1 and STIM2, as weil as during the delay (ISI) 
during which subjects presumably retained the stimulus characteristics in 
memory (Albanese et aL, in preparation; Chapter 4 of this dissertation). 
ln an attempt to determine whether SI/PPC activation is needed to successfully 
perform the delayed-discrimination task, we also performed an analysis including 
only the succeeded trials. This analysis did not yield any meaningful and 
interpretable results, most likely because this type of analysis meant discarding 
about half of the trials, which reduced considerably the signal to noise ratio and 
consequently the power of the general linear model. 
It seems that subjects performed the task solely relying on the DLPFC, which 
was significantly activated during the memory delay. It is possible that subjects 
engaged in visual imagery to perform the task, but we did not find that the pain 
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stimulus or the delay was associated with activation of extrastriate visual areas 
(Nelson et aL, 2004b). 
Habituation 
The ove ra Il low levels of activation and number of activated areas associated 
with this predictable task order could possibly be explained by habituation, which 
would have built up during the successive trials in the predictable task, yielding a 
diminished % BOLD signal. We performed several analyses to test this 
hypothesis by modeling the habituation to the stimuli as a regressor in the 
general linear model whereby values denoting the hemodynamic response 
function were incrementally reduced across scanning trials and runs. We found 
that no cerebral regions displayed a decreasing pattern of brain activation. 
These results may indicate that the possible decrease in arousal during the 
repetitive task was nevertheless addressed by the task demands, which required 
subjects to respond to the termination of ail cutaneous stimuli in ail tasks (offset 
detection). Alternatively, the lack of significance yielded by this analysis may be 
the result of an insufficient statistical power. 
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3.6 Conclusions 
ln the present study we have shown that an absence of activation of SI/PPC in 
response to the painful stimulus is correlated with a low performance on the 
delayed-discrimination task. In addition, we have shown that short-term memory 
for painful thermal cutaneous stimuli delivered in trials presented in a predictable 
manner was associated with activation of bilateral DLPFC, an area associated 
with short-term memory processes. These findings are in contrast to those fram 
another study from our laboratory that used a randomized presentation of control 
and experimental trials, in which the cerebral areas that initially pracessed the 
sensory aspects of the painful stimulus (STIM1) showed memory-specific 
activation during the delay (ISI). Results indicate that task predictability can 
produce significantly varying results in both brain activation and psychophysical 
performance on experimental trials. Given our findings of generally low brain 
activation and performance scores, a predictable presentation of experimental 
and control trials may not be an ideal manner to assess the cerebral correlates of 
the encoding, processing and short-term memory of cutaneous painful stimuli. 
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Figure 3-1. Stimulation protocol 
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Figure 3-1. Schematic representation of the stimulation protocol with anS-sec 
ISI; the memory and control trials were presented in a 'blocked', or predictable 
order. The reader is directed to the subsection 'Experimental Paradigm' under 
the section 'Materials and Methods' for a description of each time period for both 
trial types. 
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Figure 3-2. Activity during the delay (151) 
1I8 
Figure 3-2. Cortical regions significantly activated during the interstimulus 
interval (151) between the pairs of stimuli in both the memory and control trials, 
and memory-specific activation observed within pain-related sites. Oelay-related 
activation, assessed by contrasting the SOLO (Slood Oxygen Level Dependent) 
responses associated with the delay and the baseline, was similar for bath 
experimental and control trials in contralateral 511, bilateral alC and IFG 
(illustrations are focused on SOLO responses exceeding a significance level of 
p<O.05, corrected for multiple comparisons). When we subtracted the activation 
maps obtained in the control trials from those obtained in the memory trials, we 
observed no significant memory-specific activation within the pain-related areas 
that were recruited during the memory and the control delays. 
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Figure 3-3. Time-course related to memory-specific activity during the 
delay (ISI) 
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Figure 3-3. Mean time-course of the memory-specific %BOLO signal observed 
during the course of experimental and control trials, synchronized on the start of 
each trial. In both cases iIIustrated, the BOLO signal increase observed during 
the interstimulus interval (ISI), is the result of a global search encompassing the 
entire brain and not restricted to the stimulus 1-generated ROI. This BOLO 
signal is significantly higher during experimental memory trials, compared with 
that observed during the same interval of the control trials, albeit at a greater 
extent for the contralateral (Ieft) OLPFC. Time '0' is the onset of the trial; the red 
box iIIustrates the expected time period of peak BOLO-responses associated with 
the interstimulus interval, after taking into consideration the delay of the 
hemodynamic response function. 
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Supplementary Figure 3-1 ~ 3D representation of the pain ROI 
Supplementary Figure 3-1. 3D representation of the stimulus-specifie ROI 
mask that was established based on the responses evoked by the first noxious 
heat stimulus (STIM1; data averaged across ail trials ~nd ail subjects, including 
both control trials and experimental memory trials). This pain ROI included the 
cerebral regions commonly reported in studies of experimental pain (Apkarian et 
al.,2005). 
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Table 3-1. Activity evoked by stimulus 1 (ail trials) 
BrainArea Exp + Control Tvalue 
STIM1 vs. resting baseline 
Left S/I -57, -22, 25 5.27 
LeftalC -26, 20, 13 6.52 
Left piC -40, -16, 7 5.90 
RightalC 39, 2, 1 5.30 
Left IFG -45, 2, 13 7.29 
Right IFG 54, 2, 13 5.91 
Table 3-1. In order to assess memory-related processes within areas activated 
by noxious stimuli, a stimulus-specifie ROI mask was established based on the 
responses evoked by the first noxious heat stimulus (STIM1; data averaged 
across ail trials and ail subjects, including both control trials and experimental 
memory trials). The search for stimulus-related activation was narrowed to 
include only the cerebral regions commonly reported in studies of experimental 
pain (Apkarian et al., 2005); thus, the threshold t-value for the search volume of 
common pain regions is 4.07 (random-effects GLM), which is equivalent to 
p=0.05, corrected for multiple comparisons within the 2074 voxels of the common 
pain network. Coordinates are given in Talairach space. Lateral (X), anterior (Y), 
and superior (Z) stereotaxie coordinates (mm) are relative to midline, anterior 
commissure, and commissuralline, respectively (positive values are right, 
anterior and superior). Left-side activation is contralateral to the presentation of 
noxious stimuli. 
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Table 3-2-A. Stimulus 1 activity: Experimental vs. control trials 
BrainArea Experimental Control Experimental 
STIM1 vs. Tvalue STIM1 vs. Tvalue vs. Control Tvalue 
Resting Resting STlM1 
Baseline Baseline 
Left Sil -54, -22,19 4.07 -57, -22, 25 6.95 -57, -25, 22 -8.24 
Left alC -25, 20, 16 7.23 -27, 14, 16 8.02 -27, 20, 17 4.86 
Left pIC -36, -16, 4 6.05 -36, -7, 4 8.62 -36, -16, 10 4.92 
RightalC 40, 2, 1 5.20 37, 2, 1 3.71 39, 2, 1 0.75 
Left IFG -51, 5, 10 7.94 -45, 2, 13 7.23 -51, 5, 9 -1.92 
RightlFG 54, 2, 17 4.99 54, 2, 13 6.65 53, 3, 17 -0.34 
Table 3-2-8. Stimulus 2 activity: Experimental vs. control trials 
BrainArea Experimental Control Experimental 
STIM2 vs. Tvalue STIM2vs. Tvalue vs. Control Tvalue 
Resting Resting STIM2 
Baseline Baseline 
Left Sil -55, -22,16 6.44 -54, -22, 16 5.91 -64, -19, 22 1.45 
Left alC -24, 14, 19 7.22 -28, 17, 13 5.21 -30, 17, 13 1.89 
Left pIC -40, -13, 13 6.21 -36, -16, 13 7.26 -40, -13, 10 -1.46 
RightalC 39, 1, 1 4.53 39, 6, -2 5.94 39, 5, 1 -0.72 
Left IFG -54, 8, 10 7.10 -55, -1, 10 10.38 -41, 8, 16 3.34 
Right IFG 51, 9, 13 6.82 54, -1, 13 8.52 51, 9, 17 3.08 
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Table 3-2. Activity levels during the first and second noxious thermal stimulus 
periods (3-2-A and 3-2-B, respectively) were first analyzed separately for 
experimental (delayed-discrimination, memory task) and control trials, and then 
directly compared between these two conditions. A t-statistic of 3.56 (random-
effects GLM) is equivalent to P= 0.05, corrected for multiple comparisons within 
the stimulus-specific mask of pain-related activation demonstrated in the current 
study (270 voxels); t-values with a corresponding p-value = 0.05 or lower are in 
bold. Within the network of brain areas normally responsive to pain (Apkarian et 
al., 2005), activation during the presentation of the first (3-2-A) and second (3-2-
B) stimuli was generally robust, especially during stimulus 2. However, direct 
comparisons of these responses between experimental (memory) and control 
trials revealed no significant activation specific to the memory task, with the 
exception of the contralateral insular cortex (le), which was significantly more 
active during the presentation of stimulus 1 in the experimental trials, where 
subjects were required to encode the sensory features of the stimuli. 
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Table 3-3. Memory-specific activity during the delay (181) within the pain 
ROI 
Brain Area Experimental Control Mamory-
Tvalua Tvalua Specifie Tvalua 
dalayvs. delayvs. (Exp vs. 
resting basalina resting basaline Control) 
Left Sil -51, -19,19 7.22 -51, -19, 19 7.43 -54, -25, 18 0.79 
Laft alC -36, 5, 16 12.86 -39, 4, 15 15.96 -30, 5, 12 2.87 
Left pIC -39, -13, 16 10.60 -39, -15, 15 9.18 -32, -13, 4 2.85 
RightalC 36, 2, 2 7.83 35, 6, 1 6.65 40, -4, 1 1.81 
Left IFG -51, -2,19 8.60 -51, -1, 19 8.57 -51, -1, 19 1.50 
Right IFG 51, -1,17 14.11 50, 2, 13 5.03 57, 5, 12 -1.85 
Table 3-3. Activity during the delay period (interstimulus interval) was first 
analyzed separately for experimental (delayed-discrimination, memory task) and 
control trials, and then directly compared between the two conditions. Analyses 
are restricted to the ROI defined by stimulus-specific pain-related activity evoked 
by stimulus 1, with significance thresholds as described in Table 3-2. Significant 
memory-specific activation during the delay period was not observed in any of 
the regions of the pain-responsive ROI. 
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Table 3-4. Memory- and/or discrimination-specifie activation during STIM2 
A O· t d . Irec e searc h ·th· th WI ln . ROI e pain 
Brain Area Experimental Control Experimental 
Tvalue Tvalue vs. Control Tvalue 
STIM2 vs. STIM2 vs. STIM2 vs. 
STlM1 STlM1 STIM1 
Left Sil -49, -22,19 4.12 -54, -22, 16 3:23 -57, -22, 22 2.24 
LeftalC -33, 5, -5 4.08 -33, 2, -5 5.21 -41, 8, 16 2.62 
Left pIC -32, -14, 19 3.67 -39, -19, 7 10.77 -40, -17, 7 -1.60 
Left IFG -55, -4,10 4.49 -45, 2, 4 3.07 -45, 6, 19 3.39 
B. Global search of entire brain 
Pre-SM A 0, 17, 43 0, 17, 43 0, 11, 43 
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Table 3-4-A. Data from the period of the second stimulus are analyzed and 
compared to those of the first stimulus for experimental and control trials. During 
stimulus 1 of experimental trials, subjects attended to sensory qualities of the 
noxious stimulation and registered those features in memory in order to make a 
subsequent discrimination; during stimulus 2 of the experimental trials, subjects 
likewise attended to the noxious stimuli and then initiated the discrimination 
process, comparing the current sensation with that remembered from the first 
stimulation period. Activity within stimulus-related regions was, in general, 
significantly greater during the second stimulation period, compared to that 
observed during the first stimulation period. However, this enhanced 
responsiveness to stimulus 2 within stimulus-related regions is not convincingly 
specific to the discrimination process, itself, since the effect was also observed 
during control trials, when subjects were not required to discriminate the pairs of 
stimuli. Analyses are restricted to the previously described stimulus-specific ROI, 
with a significance threshold of t=3.56, P= 0.05, as described in Tables 3-2-A and 
3-2-8. 
Table 3-4-8. Data from the period of the second stimulus were also analyzed 
and compared to those of the first stimulus for experimental and control trials 
after performing a global search of the entire brain. The threshold for 
significance was t=4.70, P= 0.05. 
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Table 3-5. Global-search analysis of the entire brain: Additional activation 
areas specifie to memory and/or discrimination 
Experimental vs. Control tasks 
Brain Area A} STIM1 B} Delay (ISI) C}STIM2 
LeftDLPFC -29, 33,40 -1.72 -24, 32,40 6.35 -28, 33,40 0.22 
RightDLPFC 27, 35,40 -0.61 27, 35,40 5.03 27, 35,40 0.33 
RightPPC 45, -55,40 5.64 42, -54, 40 1.25 36, -52, 40 5.35 
Pre-SMA 0, 7,43 -5.49 0, 11,37 3.41 0, 23,37 6.73 
Table 3-5. In addition to activation areas observed during directed searches 
within the stimulus-related ROI, a number of other regions were noted with 
significant activity specifie to encoding of sensory features of stimulus 1 (STIM-1 
period, experimental vs. control trials), short-term memory (delay period, 
experimental vs. control trials) or discrimination (STIM-2 period, experimental vs. 
control trials) of the noxious thermal stimuli (random-effects GLM analyses, 
global search of entire brain volume, threshold of significance: T=4.7, p=O.05, 
corrected for multiple comparisons). Stereotaxie coordinates are given in 
Talairach space 
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4 ChaDter 4: MEMORY TRACES OF PAIN IN HUMAN CORTEX 
Preface 
ln the previous chapter, we have seen that short-term memory for painful thermal 
cutaneous stimuli delivered in trials that were presented in a predictable manner 
evoked activation in prefrontal cortex, an area previously linked to holding 
information in working memory. We did not detect any significant memory-
specific activation in the cerebral areas normally responsive to the sensory 
aspects of pain, namely contralateral primary somatosensory cortexlposterior 
parietal cortex (SI/PPC), secondary somatosensory cortex (Sil) and bilateral 
anterior insular cortex (aIC). Moreover, no significant activation was found in 
anterior cingulate cortex (ACC), an area usually associated with the processing 
of the affective aspects of pain (unpleasantness). 
This led us to compare the results obtained in the predictable trials experiment 
(previous chapter: Chapter 3), with those gathered using an experimental design 
in which the experimental and control trials were presented in a randomized, 
unpredictable manner (current chapter: Chapter 4). We hypothesized that 
compared to a predictable presentation of trials, a randomized or unpredictable 
presentation of experimental and control trials would be associated with a higher 
level of activation in a number of key cerebral areas. We based our hypothesis 
on the findings of a brain imaging study that has investigated time-dependent 
brain activity in an auditory vigilance task. This study reported a decrease, as a 
function of "time-on-task", in cerebral blood flow in several subcortical and 
cortical areas, including the parietal and frontal cortices. 
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This chapter describes an event-related fMRI study that examines the cerebral 
correlates of noxious thermal stimuli, when they are delivered in an unpredictable 
order (rather than in a predictable manner as in Chapter 3) during an 
intensity/localization task. This study (Chapter 4) uses a similar experimental 
paradigm as in Chapter 3. The experimental design of the current study (Chapter 
4) also provides an adequate control for the interstimulus delay, against which 
memory processes for noxious stimuli can be contrasted and investigated against 
a different cognitive context. 
130 
4.1 Abstract 
Distinct brain regions process sensory discriminative and affective components of 
pain; however, the role of these areas in pain memory is uncertain. This event-
related study investigated the short-term memory for sensory features of 
cutaneous heat pain using a delayed-discrimination paradigm and functional 
magnetic resonance imaging (fMRI). During memory trials, subjects 
discriminated the location and intensity of two painful stimuli presented 
sequentially to the right hand. Control trials comprised the same sequence of 
stimuli and motor responses, but required no delayed discrimination. Stimulus-
evoked activity for memory and control trials was indistinguishable within the 
network of regions normally responsive to experimental pain - Le., the primary 
somatosensory cortexlposterior parietal cortex, secondary somatosensory cortex, 
and anterior insular cortex (SI/PPC, Sil, and alC, respectively). These data 
confirm the painful nature of the stimuli and the similar levels of attention and 
stimulus encoding engaged during the two randomly presented trial types. 
Memory-related activity, assessed by contrasting the interstimulus interval (151) in 
memory and control trials, was observed in SIIPPC and alC, but not in SIL We 
propose that SI/PPC plays a role in the short-term retention of spatial and 
intensity aspects of noxious stimuli, and that alC activation during memory trials 
is consistent with the integration of sensory and cognitive (attention, awareness, 
salience, and memory) components of pain perception. The absence of memory-
related ACC activation, generally associated with pain unpleasantness, suggests 
that remembering affective aspects of the stimuli was not required during 
performance of the sensory delayed-discrimination task. 
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4.2 Introduction 
The remembered experience of pain corresponds to a persisting mental 
representation of a previous exposure to noxious stimulation. As such, this pain 
memory is at the heart of a broad spectrum of theories that includes the shaping 
of subsequent perception and behaviour (e.g. in pain anticipation) (Porro et aL, 
2002;Koyama et aL, 2005;Taddio et aL, 1995), recognition of pain in others 
(Singer et aL, 2004), and the transformation of acute peripheral in jury to 
centralized chronic pain (Woolf and Salter, 2000). Common to these theoretical 
perspectives is the notion that pain memory relies on neural networks involved in 
pain experiences that are activated in the absence of the physical application of a 
noxious stimulus. 
The conscious experience of pain is a consequence of complex interactions 
among distinct brain regions, which appear to preferentially process sensory-
discriminative and affective aspects of the noxious stimulation. Previous studies 
examining pain-related activation in the brain have consistently found that under 
normal conditions several cortical structures, including primary and secondary 
somatosensory areas (SI and 511), insular cortex (IC), and the ACC, display 
levels of activation that parallel the intensity of the stimulus and the intensity of 
pain perceived (Coghill et aL, 2003;Porro et aL, 1998;Coghill et aL, 2001). In 
addition, we and others have shown that some of these areas, such as the ACC 
and possibly pàrt of the insula, appear to be more strongly associated with the 
affective dimension of pain (Rainville et aL, 1997;Coghill et al., 2003;Wager et aL, 
2004) - findings which do not preclude a role for these structures in the coding of 
intensity, since the perception of pain intensity and affect are often highly 
correlated (Rainville et al., 1992). The role of these various brain areas in pain 
memory is still uncertain. 
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Human and animal studies have suggested that the short-term memory of non-
painful sensory information involves both prefrontal areas and cortical regions 
that subserve the initial sensory processing of those stimuli Wasternak and 
Greenlee, 2005); however, no studies have yet explored the cerebral areas 
selectively involved in the explicit, conscious memory of the sensory aspects of 
pain. In contrast, memory of the affective aspect of pain has been proposed as a 
critical element in the expression of pain empathy (Preston and de Waal, 2002), 
an idea supported by recent studies showing that visual cues signaling pain in 
others or images representing painful situations most commonly activate the 
anterior cingulate cortex (ACC) (Singer et al., 2004;Jackson et al., 2005;Morrison 
et al., 2004). However, considering the highly correlated nature of pain intensity 
and pain affect, each of the structures showing pain-related activation, including 
SI, Sil, IC and the ACC, is a potential candidate to contribute to the short-term 
memory for sensory features of a pain stimulus. In the present study, we 
specifically investigated the neural correlates of short-term memory for the 
sensory aspects of pain, focusing on spatial and intensity features of brief heat 
pain stimuli. 
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4.3 Materials and Methods 
4.3.1 Subjects 
Eight right-handed normal volunteers (4F, 4M, mean age: 34 years, S.O. 9.3) 
were recruited for a pain and memory fMRI study. Prior to the scanning 
sessions, we established the pain threshold for each subject, and ail subjects 
were familiarized with the stimuli and the experimental design. The Research 
Ethics Board of the Montreal Neurological Institute and Hospital approved the 
study. Ali subjects gave written informed consent and were financially 
compensated for their time commitment to this study. 
4.3.2 Stimuli 
Thermal stimuli (47.5-53°C for heat pain) were delivered by 2 contact thermodes 
(TSA Peltier device, 9-cm2, Medoc Advanced Medical Systems, Ramat Yishai, 
Israel) placed on the thenar and hypothenar eminences of the subjects' right 
hand. On each discrimination trial, the two stimuli were presented sequentially to 
the two stimulation sites, the order of which was counterbalanced and pseudo-
randomized across trials. The differences in intensity (~T s) of the two stimulus 
presentations ranged from 0.1-1.5 oC, and were, likewise, counterbalanced and 
pseudo-randomized across trials. The magnitude of ~Ts was chosen to ensure 
task difficulty and minimize the subjects' tendency to categorize sensory 
characteristics of the noxious stimuli. Specifie temperatures presented to 
individual subjects during individual runs were adapted to the perception of the 
subject, in order to maintain a (post-run) rating of moderate pain. 
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4.3.3 Experimental paradigm 
The delayed-discrimination task (Fig. 4-1) evolved fram a series of 
psychophysical trials specifically designed to study the memory of pain sensation 
intensity (Rainville et al., 2004). At the beginning of each trial, subjects viewed a 
written eue on the monitor (4-sec duration) indicating whether the following trial 
was a memory or a control trial ("memory trialn or "offset trialn, respectively). After 
the eue, a first heat stimulus (6-sec duration, 4-sec plateau) was delivered to one 
of the two locations on the right hand, followed by an interstimulus interval (delay 
1) of 6, 8, or 10 sec, and then a second stimulus (6-sec duration, 4-sec plateau) 
delivered to the other stimulation site. A second delay (delay 2) of 6 sec 
separated the stimulation period fram the response period. In memory trials, 
subjects were directed bya prompt on the monitor (duration of 4 sec) to indicate 
the location of the stronger (or weaker) stimulus ("which stimulus greater?" or 
"which stimulus less?n). These response prompts were presented in a pseudo-
random manner (1:1) among memory trials to ensure that subjects cou Id not 
prepare their specifie sensori-motor decision and motor response before the end 
of delay 2. Subjects responded by tapping on an fMRI-compatible mou se button 
(Ieft hand: digit 2 = thenar stimulation; digit 3 = hypothenar stimulation) until the 
discrimination question disappeared from the screen. In the control trials, 
subjects were similarly instructed either to tap "digit 2" or "digit 3" of the left hand 
on the appropriate mouse button for the 4-sec response period. (This 4-sec left-
hand tapping at the end of the trial was designed to produce a robust motor 
activation, which could be used as a standard of comparison for pain-related 
activation evoked by the noxious stimuli presented to the opposite hand during 
the stimulation period of the trial). Each trial ended with a 4-sec post-response 
and baseline periods, the latter being used as a basis for comparison during the 
analysis of stimulus- and memory-related activity. 
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The control trials were comparable to the memory trials with respect to visual and 
thermal stimuli, as weil as motor responses, except that control trials did not 
require subjects to perform any sensory discrimination between the pairs of 
stimuli. In arder to standardize and maximize attention to the entire duration of 
the stimulus presentations during both memory and control trials, subjects were 
required to detect the termination (offset) of each thermal stimulus and respond 
by producing a single tap of the mouse with their left hand. 
4.3.4 fMRI acquisition 
Cerebral activity associated with perception, encoding, or retention of the heat 
pain stimuli was measured with functional Magnetic Resonance Imaging (fMRI). 
We acquired the imaging data at the McConneli Brain Imaging Centre (BIC) of 
the Montreal Neurological Institute at McGiII University on a 1.5T Siemens 
Sonata scanner (Siemens, Germany) using a standard head coil. The MR 
technician fixed the head of each subject in a comfortable position and 
immobilized it with a vacuum bag. Subjects were instructed to refrain as much as 
possible fram moving throughout the imaging session and were given earplugs to 
reduce the noise from the scanner. Subjects could see a computer monitor 
projected on a screen viewed via a mirror placed in front of the subject's eyes. 
Subjects were also given an MR-compatible mouse to perform the discrimination 
task. 
Each session consisted of an anatomical scan and 3 to 6 functional runs. The 
anatomical scans were T1-weighted high-resolution scans (TR=22 ms, TE=20 
ms, flip angle=30°, FOV=256 mm, 1-mm isotropie sampling). The functional 
scans were collected using a blood oxygen level dependent (BOlO) protocol with 
a T2*-weighted gradient echo-planar imaging (EPI) sequence (TR=2.0 s, 
TE=51 ms, flip angle=90°, 64x64 matrix, 253 volume acquisitions). The scanning 
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planes were oriented parallel to the anterior commissure-posterior commissure 
line and covered part of the brain from the top of the cortex to the base of the 
thalamus (23 contiguous 5mm-thick axial slices, voxel size= 5x5x5mm). 
4.3.5 Data analysis 
Functional data and anatomical images were analyzed using Brain Voyager ax 
(Brain Innovation, Maastricht, The Netherlands). Functional images were 
preprocessed (inter-scan slice time-correction, 3D motion correction, high-pass 
filtering), interpolated to 1 x 1 x 1 mm3 and coregistered to 3D anatomical 
images. 
The major thrust of this study was to test for possible evidence of short-term 
memory-related processes within regions of the brain that are initially responsive 
to the sensory-discriminative aspects of pain. Thus, the first step in our analysis 
process was to establish an appropriate region of interest (ROI) for this directed 
search (Supplementary Figure 4-1). To define this pain-processing ROI, we 
performed a contrast between activation evoked by the first noxious stimulus 
(STIM1) delivered in each trial and the baseline period that separated the trials 
(Fig. 4-1: the final period of each trial). Both experimental and control trials were 
included in this analysis to ensure a robust stimulus-evoked response and hence 
a relatively inclusive ROI; activation evoked during the second noxious stimulus 
was not used to form this stimulus-related mask, since responses during this 
period were more likely to include memory- and/or discrimination-related 
processes, in addition to those directly related to pain. In order to minimize 
extraneous activation during this period, which might be less likely to have been 
directly related to the noxious stimuli, this search for stimulus-related activation 
was restricted to regions of the brain that are generally associated with pain 
processing ((Apkarian et aL, 2005): bilateral regions of the postcentral gyrus, 
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superior parietal lobule, cingulate region, insula, inferior and middle frontal gyri; 
search volume: 240 273mm3). Activation evoked by the noxious stimuli, as 
revealed by this contrast was thus used as an objective definition of the pain-
processing ROI (Table 4-1). Boundaries for this ROI were automatically 
determined by the strict statistical criterion of p=0.05 (t=4.07), random-effects 
generallinear model (GLM), corrected for multiple comparisons (using stat-
threshold (http://www.math.mcgill.calkeithlfmristatl)) within the cerebral volume of 
pain responsiveness previously established (Apkarian et aL, 2005). Thus, using 
these criteria, the pain ROI used in our initial search for short-term memory 
associated with noxious stimuli included bilateral regions of the primary 
somatosensory 1 posterior parietal cortex (SI/PPC), secondary somatosensory 
cortex (Sil), and insular cortex (IC). Although areas of activation were also 
observed bilaterally in the anterior cingulate cortex (ACC), a region frequently 
associated with pain affect, these failed to reach our threshold of significance 
established for our ROI, perhaps reflecting the strong emphasis placed on 
subjects' attention towards sensory-discriminative aspects of the noxious stimuli. 
A secondary objective was to identify brain regions involved in memory and 
discrimination, outside the network of pain processing, for which we performed a 
whole-brain random-effects analysis, with results described for activation 
reaching a significance of p=0.05 (t=4.7), random-effects GLM, corrected for 
multiple comparisons within the more inclusive, unmasked whole-brain volume, 
as described above. 
Ali statistical contrasts conducted for the group analyses were performed using a 
random-effects GLM (Friston et aL, 1999), and results were corrected for multiple 
comparisons for the specifie search volume, as indicated above. Each distinct 
period within a trial that contained a stimulus, behavioural, or response event was 
declared as a regressor: the instruction cue period, interstimulus intervals, 
138 
baseline and post-response periods were likewise defined as reg ressors, and 
each event was further sub-categorized according to trial type (experimental or 
control). Contrasts for stimulus-related or memory-related effects compared 
separately for each of the conditions (experimental and control) the appropriate 
stimulus or interstimulus "memory" regressor to the baseline regressor, which 
occurred at the end of the trial; ail other regressors that are not part of the 
contrast are automatically entered as covariates of no interest in the analysis. 
This appfoach thus minimizes the influence of other events that are not directly 
compared with the GLM. Contrasts for memory-specific effects compared 
experimental and control trials for the appropriate regressor. 
ln summary, the strategy of the analysis was conceived to avoid any potential 
confounds of long-term memory and learning. Ali analyses are averaged across 
the full experimental session and thus do not represent any leaming-related 
changes in perception that might occur across the different experimental runs 
within a session. Likewise, time-course data are averaged across ail trials and ail 
sessions and thus cannot show any trial-to-trial changes in perception. 




4.4.1 Behavioural results 
During both memory and control tasks, ail subjects described the noxious heat 
stimuli as painful but tolerable. Likewise, the reaction time to detect the offset of 
the noxious stimuli did not differ significantly between the experimental memory 
(3134 ms) and control (3143 ms) conditions (F=0.011, p= 0.916) nor between the 
first (3153 ms) and second (3123 ms) presentations of the stimulus in each trial 
(F= 0.008, p= 0.927). These behavioural results confirm that the subjects' 
perceptions were consistent with the experience of painful heat, and that the 
subjects engaged in similar levels of attention directed towards each of the two 
noxious stimuli presented within the two tasks. The subjects' performance in 
making spatial-intensity discriminations between the pairs of stimuli in each trial, 
was uniformly low (mean = 59%, SE = 9%) and did not vary in a reliable manner 
with the variable size of ~ T. Our failure to show a correlation between 
performance and ~ T reflects the difficulty of the psychophysical task, which was 
designed ta minimize the subjects' tendency to categorize the intensity of the 
stimuli. In addition, comparisons between two thermodes (which may have 
slightly different stimulation characteristics) as weil as comparisons between two 
different stimulus locations (which may, likewise, have different perceptual 
characteristics) might also have contributed to the inherent difficulty of the task. 
However, this situation did not appear to disturb subjects or interfere with their 
concentration on the task, since there was no presentation of feedback, which 
cou Id have created a discrepancy between the stimulus characteristics and the 
subjects' perception of those characteristics. 
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4.4.2 fMRI results 
4.4.2.1 Stimulus-related activitv Crandom-effects analysisl 
The pain ROI (Supplementary Figure 4-1) described in the Methods was defined 
using the most robust comparison available in this study - the initial noxious 
stimulus (STIM1) vs. baseline, averaged across ail trials, including both 
experimental (memory task) and control (Table 4-1). Separate analyses of 
experimental trials and control trials, comparing STIM1 vs. baseline, likewise 
demonstrated significant (or near-significant) activation in most of these regions 
within the pain ROI (Table 4-2-A), in spite of the reduced number of noxious 
stimuli included within each analysis. A direct comparison of the experimental 
and control trials for activation during the STIM1 period, demonstrated that 
responses to the noxious stimulation during these two conditions was remarkably 
similar, with the single exception of the contralateralleft insular cortex, which was 
significantly more responsive to noxious stimuli presented during the 
experimental memory condition (Table 4-2-A). Analyses of data recorded during 
presentation of the second noxious stimulus (STIM2) of each trial demonstrated 
somewhat stronger levels of activation within the pain ROI during both 
experimental and control conditions (Table 4-2-8), compared with that observed 
for STIM1; and, as was observed during STIM1, stimulus-related responses 
within the pain ROI during STIM2 were very similar for the two conditions, except 
for the left contralateral anterior insular cortex, where the activation during 
experimental trials was significantly stronger than those of the control condition. 
Taken together, this stimulus-related activation, within the generally 
acknowledged pain network, is consistent with the subjects' description of the 
noxious stimuli as painful. These data further serve as a validation for the 
perceptual demands of the control trials, in that subjects appear to have 
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perceived and processed the noxious stimuli similarly in both tasks, inde pendent 
of differences in cognitive strategies evoked by task-specific instruction eues that 
preceded each trial. 
4.4.2.2 Memorv-related activity during the delay (181) (random-effects 
analysis) 
ln order to elucidate pain-processing areas potentially involved in the short-term 
memory of painful sensations, activity within the pain ROI, recorded during the 
interstimulus interval (ISI) was analyzed for both the experimental memory trials 
and the control trials. Figure 4-2 and Table 4-3 iIIustrate the highly significant 
activation that was observed during both tasks during the ISI, when compared to 
the resting baseline activity. Ali regions within the pain ROI, which had shown 
significant STIM1-related activation (Tables 4-1 and 4-2-A), demonstrated even 
stronger levels of activity after those stimuli were terminated, during the delay 
that preceded the second stimulus (Table 4-3). However, activation that was 
specifie to the memory requirements of the experimental trials was observed in 
only a subset of the se regions. The direct contrast of experimental and control 
trials for ISI activation presumably yields activation that is memory-specific; it is a 
very strict comparison, because the subtraction eliminates any collateral 
activation resulting from either 1) the lagging hemodynamic response associated 
with STIM1, 2) the expectation of STIM2, or 3) the short motor response required 
for the detection of the offset of STIM1. Therefore, a direct contrast of 
experimental and control trials for ISI activation revealed significant me mory-
specifie activation in bilateral alC and in contralateral SIIPPC; memory-specific 
activity in ipsilateral SIIPPC showed a trend towards significance (t=3.45, 
compared with the threshold of t=3.7) in this comparison of experimental and 
control trials). Memory-specific activation was also observed in a second region 
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within the ipsilateral alC at its border with the inferior frontal gyrus (which had 
been included within the pain ROI). In contrast, we cou Id not detect even a trend 
towards memory-related modulation of activity in Sil (Figure 4-2, Table 4-3, t < 
1.59; P = 1, corrected for multiple comparisons). 
Comparison of the time-course data for the two tasks, taken from the regions of 
activation within SIIPPC and alC iIIustrates the significantly enhanced BOLO 
signal recorded during the memory trials, compared with that of the control trials, 
beginning with the onset of the interstimulus memory period following the initial 
noxious stimulus (Fig. 4-3). Although activity recorded during the control trials 
dropped to near-baseline levels before the second noxious stimulus, activation 
during memory trials remained at an enhanced level in ail four of these brain 
regions until the subjects made their final discrimination response. 
4.4.2.3 Discrimination-related activity (random-effects analysisl 
The delayed discrimination task, used in the experimental trials, required subjects 
to remember sensory aspects of the first noxious stimulus for the duration of the 
interstimulus delay, and thus activity during the delay is directly associated with 
short-term memory of the pain stimulus, as we have presented above. Also, 
inherent to this task is an active comparison and ultimate discrimination of the 
two stimuli - a process that begins with the onset of the second stimulus 
(STIM2). One would hypothesize that any potential discrimination-related activity 
that might occur within the pain processing areas would be revealed by a 
comparison of responses recorded during experimental and control trials for 
activation that was specifie to the STIM2 period. The possibility of this additional 
discriminative process, during the presentation of STIM2, led to our exclusion of 
STIM2 activity from the formulation of the pain ROI, in which we wanted to 
maximize stimulus-related (as opposed to cognitive) activation. A comparison of 
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the results iIIustrated in Tables 4-2A and 4-28 support the hypothesis that sorne 
additional process or modulation of activity may occur during STIM2, since 
activation appears stronger during STIM2 than in STIM1, when analyzed relative 
to the resting baseline activity. A direct comparison of activation levels observed 
during the two stimulation periods is presented in Table 4-4, confirming in both 
experimental and control trials the significantly stronger activation during STIM2 
in most regions within the pain ROI (activation during control trials within right 
SI/PPC and right Sil shows strong trends but fails to reach the significance 
threshold of t=3.7). However, this increased activity in the pain ROI during 
STIM2 is not convincingly specific to the discrimination process, itself, since the 
effect was also observed during control trials, when subjects were not required to 
discriminate the pairs of stimuli. Thus, no significant differences between 
experimental memory/discrimination trials and control trials were observed in the 
enhanced STIM2 activity within the pain ROI. 
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4.5 Discussion 
The present study, investigated the short-term memory of pain sensation in the 
human brain. Within the cerebral network of regions known to be responsive to 
noxious stimulation, we found a significant memory-specific enhancement of 
fMRI activity in contralateral SIIPPC and bilateral alC during the interstimulus 
interval (151) of a nociceptive spatial/intensity discrimination task. These parietal 
and insular regions displaying memory-specific activation were also responsive to 
the noxious stimuli presented during both experimental and control tasks, and 
have been previously shown to be associated with sensory-discriminative 
aspects of noxious and/or innocuous thermal perception. Although no other 
studies have examined the specific somatosensory processes involved in the 
short-term memory of pain, several have described neuronal correlates of short-
term memory for innocuous cutaneous stimuli, but their results have not been 
consistent. 
ln agreement with our findings are those of a single-unit recording study, which 
demonstrated significant activation in monkey SI during the interstimulus interval 
of a delayed texture discrimination task (Bodner et al., 2005;Zhou and Fuster, 
1996). Recently, it was also shown that transcranial magnetic stimulation (TMS) 
over SI during the interstimulus interval between two vibrotactile stimuli interfered 
with a delayed spatial discrimination (Harris et al., 2002), suggesting that human 
SI is a transient storage site for sensory aspects of innocuous vibrotactile stimuli. 
Results of these studies remain inconclusive, however, since 151 "memory-
related" activity in monkey SI did not appear to encode information specific to the 
remembered target stimulus (Bodner et al., 2005); likewise, TMS-related 
interference in a discrimination task may be related to generalized cortico-cortical 
effects of the stimulation, rather than to a direct, specific effect on SI. In our 
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present study, the limited sensitivity of the fMRI methods did not permit us to 
distinguish between possible stimulus-specifie differences in either the intensity 
or the location of memory-related activation within the somatotopic map of the 
hand in SI; future studies with greater sensitivity may be able to address this 
issue. 
The group average revealed that the parietal cortex activation evoked by the heat 
pain stimulus and the me mory-specifie response recorded during the ISI 
encompassed both SI and PPC. When we analyzed each of the subject's data 
conceming activation related to the memory phase of the experimental paradigm, 
we found that 4 of the 8 subjects exhibited detectable activation within the post-
central gyrus (SI); activation trom 2 subjects appears at the border between SI 
and the inferior parietal lobe; and activity fram the remaining 2 subjects was 
either posterior or inferior to SI praper (Supplementary Table 4-1). Although the 
majority of subjects exhibited memory-related activation in the general region of 
SI, when we performed the group analysis, averaging across the 8 subjects, the 
cluster of parietal activation extended trom SI into the PPC (SI/PPC). Although 
the Talairach coordinates were included in Supplementary Table 4-1, the actual 
anatomical determination of the activation sites was made trom a careful 
examination of the data associated with each subject, relative to his/her own 
specifie parietal anatomy (for example, see Supplementary Figure 4-2: the 
T alairach coordinates indicated that the locus of activation was outside the 
general area of SI, however it is clear from the cortical surface rendering that the 
cluster is located in SI). 
These slightly incongruent loci of maximum activation across healthy participants 
may be due to the intrinsic inter-individual anatomical variability around the area 
of the central sulcus. However, the diverging stereotaxie coordinates of the 
clusters of activation may not necessarily correlate with anatomical variability 
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among individuals, but also possibly with task difficulty, different individual 
strategies to perform the task, paradigm design, or different data analysis 
techniques (Vincent et aL, 2006). 
The memory-related responses that we observed extending into the PPC (Ieft 
PPC, contralateral to the noxious stimulation: t=4.87, p<0,05; right ipsilateral 
PPC: t=3.45; p > 0.05) are consistent with the recognized role of these structures 
in modulating both noxious and innocuous input by cognitive variables, including 
attention and memory (Apkarian et al., 2005). The right PPC has been 
implicated in the process of orienting attention toward somatosensory stimuli and 
appears to be responsive to cutaneous stimuli delivered to either side of the body 
(Coghill et aL, 2001). Here, activation of the PPC may reflect the critical attention 
towards the spatial information required to perform the memory task. 
The absence, in our data, of any activity indicating a role for 511 in pain memory 
contrasts with results of Romo and colleagues, who reported memory-related 
activity in monkey 511 during the interval between two innocuous vibrotactile 
stimuli (Salinas et aL, 2000); however, those monkeys were trained to 
discriminate the frequency of vibrotactile stimuli presented to a single spot of 
skin, whereas our subjects were required to remember the spatial location of 
different noxious pain stimuli - a task we designed to engage more specifically 
the functional capacity associated with the fine somatotopic organization found in 
SI. 
Analysis of the memory delay period also revealed significant activation in 
anterior insula bilaterally, but with a somewhat stronger response on the 
ipsilateral right side (Table 4-3). The alC is part of the limbic system and is 
sometimes implicated in the perception and processing of affective aspects of 
pain (Bushnell et aL, 1999;Brooks et aL, 2005), and in the recognition of acute 
pain in others (Singer et aL, 2004;Jackson et aL, 2005). Activation of the alC has 
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also been reported in both the encoding and cognitive evaluation of the intensity 
of cutaneous thermal pain (Kong et aL, 2006). However, it has also been 
associated with sensory-discriminative encoding of innocuous cutaneous stimuli, 
such as the perception of coolness (Craig et aL, 2000) or warmth (Olausson et 
aL, 2005), during tasks essentially devoid of negative affect. Our paradigm does 
not allow us to distinguish whether the sensory or the affective aspects of the 
remembered painful stimulus mediate the memory-specific activation of alC; 
however, memory of the possible differences in affective aspects of the heat pain 
stimuli would not have provided sufficient information to perform the spatial-
discrimination task. Regardless, the alC is weil situated to participate in cognitive 
and memory-related aspects of pain perception, considering its direct anatomical 
connections with the prefrontal cortex (Apkarian et aL, 2005). This interpretation 
is consistent with the findings of Downar and colleagues (Downar et aL, 
2000;Downar et aL, 2002), which demonstrated that the right alC is part of a 
cortical network sub-serving cognitive processes such as attention and detection 
of salient sensory (visual, auditory and tactile) stimuli. In addition, anatomical 
studies in the macaque have linked alC to short-term memory processes and 
have suggested that the alC relays sensory information from SI and Sil to the 
frontal cortex for short-term retention (Mesulam and Mufson, 1982) and to the 
temporal lobe for long-term encoding of tactile information (Burton and Sinclair, 
2000;Friedman et aL, 1986). 
Our results also revealed memory-related responses in the prefrontal cortices. 
The memory-specific activation that we observed within the ventral lateral 
prefrontal cortex (VLPFC) is consistent with many previous studies 
demonstrating a role for the frontal lobes in working memory for innocuous 
cutaneous stimuli (Romo and Salinas, 2003;Romo et aL, 1999), verbal material 
(Owen et aL, 2005), and more generally in the active comparison and retrieval of 
information in both short- and long-term memory (Petrides, 2005). 
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Our observation of this ISI-specific activation in VLPFC, an area acknowledged 
for its important role in memory, suggests that memory for spatial and intensity 
features of the noxious stimuli is also the most plausible explanation for activation 
seen during this period within the more posterior, sensory areas of the cortex. 
Alternatively, one might suggest that increased attention, arousal and anticipation 
during the memory task could account for the modulation of activity observed 
between the presentation of the two noxious stimuli, since these cognitive factors 
can significantly modulate the BOLD response in the network of brain areas 
involved in pain perception (Porro et aL, 2002;Koyama et aL, 2005), including 
ACC (Mohr et aL, 2005). However, in the present study, levels of attention, 
arousal, and anticipation were similar in the memory and control tasks, as 
demonstrated by similarities in the behavioural data during the two tasks. 
Likewise, during both tasks, subjects were required to detect and respond to ail 
noxious stimuli, and consequently, cerebral activation associated with the 
stimulus period was statistically indistinguishable for the memory and control 
tasks. Thus, by subtracting the activation levels associated with the ISI in the 
control trials from the homologous period in the memory trials, we removed from 
the activation maps the contribution of the arousal induced by the previous 
stimulus as weil as the expectation of the second stimulus. The only factors 
remaining after this subtraction should have been the necessity, during the 
memory task, to retain information related to the sensory features of the first 
noxious stimulus. 
We did not find any trend of memory-specific activation in ACC during the ISI. 
The ACC is a limbic region involved in the processing of pain affect (Rainville et 
al., 1997;Singer et al., 2004;Apkarian et al., 2005). In our study, subjects 
perceived both the sensory (location and intensity) and affective 
(unpleasantness) aspects of the heat pain stimuli, and may have used the 
unpleasantness of the stimulus to enc,?de its intensity. It is not possible to 
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ascertain the extent to which subjects used affective aspects of pain to guide 
their responses in the discrimination task, because we did not collect ratings for 
unpleasantness of the heat pain stimuli during scanning. Nevertheless, the 
absence of me mory-specifie activation in ACC suggests that subjects did not ho Id 
the affective aspect of the stimuli in memory, probably because that information 
would not have been sufficient to perform the delayed-discrimination paradigm. 
We have shown that an increase in activation of SI/PPC and alC is associated 
with both the presentation of painful stimuli and the short interstimulus interval 
(ISI) that separated painful stimuli in a spatial-intensity discrimination task. 
Previous studies have suggested a role for those structures in the sensory 
dimension of noxious and/or innocuous thermal stimuli (Bushnell et aL, 
1999;Brooks et aL, 2005;Hofbauer et aL, 2001;OIausson et aL, 2005), and our 
data now indicate their importance in retaining a short-term memory trace of the 
sensory features required to perform a pain-discrimination task. Finally, the 
absence, in our study, of any trend towards memory-related activation within the 
ACC, an area previously suggested to underlie the memory of affect inherent to 
pain empathy (Singer et aL, 2004), may suggest that the functional separation of 
sensory and affective aspects of pain perception appears to extend to the 
memory of pain as weil. 
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4.6 Conclusions 
ln the present study we have shown that short-term memory for painful thermal 
cutaneous stimuli delivered in randomly presented trials was associated with 
activation of part of the network of cerebral areas normally responsive to the 
sensory aspects of pain. Moreover, we did not report any trend towards memory-
related activation within the ACC, which underlies the memory of affect inherent 
to pain empathy. This suggests that the functional separation of sensory and 
affective aspects of pain perception extends to the memory of pain as weil. 
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Figure 4-1. Schematic representation of the stimulation protocol with an 8-sec 
ISI; the memory and control trials were presented in a pseudo-randomized order. 
The reader is directed to the subsection 'Experimental Paradigm' under the 
section 'Materials and Methods' for a description of each time period for both trial 
types. 
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Figure 4-2. Activity during the delay (181) 
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Figure 4-2. Cortical regions significantly activated during the interstimulus 
interval (ISI) between the pairs of stimuli in both the memory and control trials, 
and memory-specific activation observed within pain-related sites. Delay-related 
activation, assessed by contrasting the SOLD (Slood Oxygen Level Dependent) 
responses associated with the delay and the baseline, was similar for both 
experimental and control trials in bilateral SI/PPC, Sil, and alC (illustrations are 
focused on SOLD responses exceeding a significance level of p<O.001, 
corrected for multiple comparisons). Memory-specific activation observed within 
these pain-related areas, resulting trom a contra st of experimental and control 
trials, was observed in contralateral SIIPPC and bilateral alC (data iIIustrated with 
a threshold of p<O.05, corrected for multiple comparisons). No trends toward 
memory-specific activation were seen within SIL 
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Figure 4-3. Mean time-course of the memory-specific % BOLO signal observed 
during the course of experimental and control trials, synchronized on the start of 
each trial. In ail cases iIIustrated, the BOLO signal increase observed during the 
interstimulus interval is significantly higher during experimental memory trials, 
compared with that observed during the same interval of the control trials. lime 
'0' is the onset of the trial; the red box iIIustrates the expected time period of peak 
BOLO-responses associated with the interstimulus interval, after taking into 
consideration the delay of the hemodynamic response function. 
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Supplementary Figure 4-1. 3D representation of the pain ROI 
Supplementary Figure 4-1. 3D representation of the stimulus-specifie ROI 
mask that was established based on the responses evoked by the first noxious 
heat stimulus (STIM1; data averaged across ail trials and ail subjects, including 
both control trials and experimental memory trials). This pain ROI included the 
cerebral regions commonly reported in studies of experimental pain (Apkarian et 
al.,2005). 
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Supplementary Figure 4-2. Memory-related activation (Subject # 3) 
Supplementary Figure 4-2. Memory-related activation in SI obtained from 
Participant #3. The actual anatomical determination of the activation sites was 
made from a careful examination of the data associated with each subject, 
relative to his/her own specifie parietal anatomy. For example, in this participant 
(#3), the Talairach coordinates indicated that the locus of activation was outside 
the general area of SI, however it is clear from the cortical surface rendering that 
the cluster is located in SI. 
158 
Table 4-1. Activity evoked by stimulus 1 (ail trials) 
BrainArea Exp + Control Tvalue 
ST/M1 vs. resting baseline 
LeftSllPPC -39, -40, 40 4.91 
Right SIIPPC 50, -31, 35 7.58 
Left Sil -54, -25, 24 7.36 
Right Sil 57, -22,19 4.30 
LeftalC -39, 2, 7 10.07 
RightalC 30, 5, 13 7.58 
Left ACC (BA 24) -4,11, 28 2.10 
Right ACC (BA24) 6, 8, 34 2.49 
Table 4-1. In order to assess memory-related processes within areas activated 
by noxious stimuli, a stimulus-specifie ROI mask was established based on the 
responses evoked by the first noxious heat stimulus (STIM1; data averaged 
across ail trials and ail subjects, including both control trials and experimental 
memory trials). The search for stimulus-related activation was narrowed to 
include only the cerebral regions commonly reported in studies of experimental 
pain (Apkarian et aL, 2005); thus, the threshold t-value for the search volume of 
common pain regions is 4.07 (random-effects GLM), which is equivalent to 
p=0.05, corrected for multiple comparisons within the 2074 voxels of the common 
pain network. Coordinates are given in Talairach space (Talairach and 
Toumoux, 1988). Lateral (X), anterior (Y), and superior (Z) stereotaxie 
coordinates (mm) are relative to midline, anterior commissure, and commissural 
line, respectively (positive values are right, anterior and superior). Left-side 
activation is contralateral to the presentation of noxious stimuli. 
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Table 4-2-A. Stimulus 1 activity: Experimental vs. control trials 
BrainArea Experimental Control Experimental 
ST/M1 vs. Tvalue STlM1 vs. Tvalue vs. Control Tva/ue 
Resting Resting STIM1 
Baseline Baseline 
LeftS/IPPC -39, -40,36 3.37 -40, -38, 35 4.39 -42, -34, 34 1.22 
Right 51, -31, 34 4.92 54, -33, 31 6.44 54, -35, 31 2.38 
S/IPPC 
Left Sil -57, -25, 23 5.88 -54, -25, 23 6.52 -58, -26, 22 2.85 
Right Sil 52, -22, 19 3.79 57, -22, 20 6.85 51, -22, 19 0.50 
Lefta/C -38, 3, 10 6.80 -40, 1, 6 6.53 -37, 11, 11 5.10 
Righta/C 33, 5, 10 6.28 32, 8, 13 5.71 35, 8, 10 0.84 
Table 4-2-8. Stimulus 2 activity: Experimental vs. control trials 
BrainArea Experimental Control Experimental 
STIM2 vs. Tvalue STIM2 vs. Tvalue vs. Control Tvalue 
Resting Resting STIM2 
Baseline Baseline 
LeftS/IPPC -40, -39, 36 6.19 -33, -36, 35 5.63 -51, -32, 34 2.65 
Right 43, -31, 40 9.31 49, -35, 35 9.78 43, -33,34 2.55 
S/IPPC 
Left Sil -54, -25, 22 7.31 -55, -25, 21 6.99 -57, -25, 21 3.01 
Right Sil 53, -25, 21 5.45 57, -25, 20 6.60 54, -22,21 1.03 
Left a/C -42, -1, 7 11.57 -33, 11, 12 11.47 -42, 8, 7 5.43 
Righta/C 33, -1, 10 13.32 33,14, 10 9.34 36, 8, 13 3.07 
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Table 4-2. Activity levels during the first and second noxious thermal stimulus 
periods (4-2-A and 4-2-B, respectively) were first analyzed separately for 
experimental (delayed-discrimination, memory task) and control trials, and then 
directly compared between these two conditions. A t-statistic of 3.70 (random-
effects GLM) is equivalent to P= 0.05, corrected for multiple comparisons within 
the stimulus-specifie mask of pain-related activation demonstrated in the current 
study (467 voxels); t-values with a corresponding p-value = 0.05 or lower are in 
bold. Within the network of brain areas normally responsive to pain (Apkarian et 
al., 2005), activation during the presentation of the first (4-2-A) and second (4-2-
B) stimuli were generally robust, especially during stimulus 2. However, direct 
comparisons of these responses between experimental (memory) and control 
trials revealed no significant activation specifie to the memory task, with the 
exception of the contralateral insular cortex (le), which was significantly more 
active during the presentation of stimuli 1 and 2 in the experimental trials, where 




Table 4-3. Memory-specific activity during the delay (181) within the pain 
ROI 
BrainArea Experimental Control Memory-
Tvalue Tvalue Specifie Tvalue 
delay vs. delayvs. (Exp vs. 
resting baseline resting baseline Control) 
Left SIIPPC -39, -40, 37 17.78 -39, -40, 37 8.44 -39, -40,37 4.87 
Right 45, -34, 37 10.65 48, -35, 34 9.80 48, -35, 37 3.45 
SIIPPC 
Left Sil -53, -25, 23 9.47 -57, -22,19 8.95 -54, -23, 20 0.29 
Right Sil 54, -26,19 13.36 61, -22,19 15.17 59, -24, 20 1.59 
LeftlC -33, 11, 12 9.25 -30, 11, 7 8.31 -30, 11, 13 4.34 
Right IC 27,13, 7 9.66 31,12, 5 7.06 27,14, 7 6.85 
Right IC/lFG 52, -1,16 13.39 52,-1,18 7.58 51,2,19 4.80 
Table 4-3. Activity during the delay period (interstimulus interval) was first 
analyzed separately for experimental (delayed-discrimination, memory task) and 
control trials, and then directly compared between the two conditions. Analyses 
are restricted to the ROI defined by stimulus-specific pain-related activity evoked 
by stimulus 1, with significance thresholds as described in Table 4-2. Memory-
specific activation during the delay period was observed in several regions of the 
pain-responsive ROI; however, the Perisylvian regions (including Sil), which were 
robustly active during presentation of the two stimuli, did not show significant 
memory-specific activation during the interstimulus delay between the two stimuli. 
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Table 4-4. Memory- and/or discrimination-specifie activation during STIM2 
A O· t d . Irec e searc h "th' th WI ln . ROI e pain 
BrainArea Experimental Control Experimental 
Tvalue Tvalue vs. Control Tvalue 
STIM2 vs. STIM2 vs. STIM2 vs. 
STIM1 STIM1 STlM1 
Right 45, -34, 37 4.09 48, -30, 34 3.25 36, -31, 35 3.55 
SIIPPC 
Left Sil -57, -25, 13 4.73 -50, -25, 15 4.87 -51, -25,18 0.19 
Right Sil 46, -23, 13 4.42 50, -25, 19 3.23 45, -22,13 0.88 
LeftlC -42, 8, 7 5.62 -33, -1, 16 9.04 -33, 11, 1 2.13 
Right IC 27, 9, 12 5.74 39, 2, 17 4.82 36, 8, 13 2.50 
B. Global search of entire brain 
Left VLPFC -36, 47, 10 11.49 -35, 47,10 -30, 44, 13 
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Table 4-4-A. Data from the period of the second stimulus are analyzed and 
compared to those of the first stimulus for experimental and control trials. During 
stimulus 1 of experimental trials, subjects attended to sensory qualities of the 
noxious stimulation and registered those features in memory in order to make a 
subsequent discrimination; during stimulus 2 of the experimental trials, subjects 
likewise attended to the noxious stimuli and then initiated the discrimination 
process, comparing the current sensation with that remembered from the first 
stimulation period. Activity within stimulus-related regions was, in general, 
significantly greater during the second stimulation period, compared to that 
observed during the first stimulation period. However, this enhanced 
responsiveness to stimulus 2 within stimulus-related regions is not convincingly 
specific to the discrimination process, itself, since the effect was also observed 
during control trials, when subjects were not required to discriminate the pairs of 
stimuli. Analyses are restricted to the previously described stimulus-specific ROI, 
with a significance threshold of t=3.70, P= 0.05, as described in Tables 4-2-A and 
4-2-8. 
Table 4-4-8. Data from the period of the second stimulus were also analyzed 
and compared to those of the first stimulus for experimental and control trials 
after performing a global search of the entire brain. The threshold for 
significance was t=4.70, P= 0.05. 
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Table 4-5. Global-search analysis of the entire brain: Additional activation 
areas specifie to memory and/or discrimination 
Experimental vs. Control tasks 
BrainArea A)STIM1 B) Delay (ISI) C)STIM2 
Left Thalamus -16, -20, 10 0.30 -15, -19, 10 6.32 -13, -19, 10 1.29 
Right alCIIFG 39, 17, 7 3.78 39, 14, 4 4.92 36, 20, 4 3.42 
LeftACC -9, 14, 37 2.49 -9, 35, 19 3.87 -6, 17, 31 8.82 
RightACC 8, 2, 32 2.09 7, 23,34 3.72 9, 26,24 2.82 
Right preSMA 12, -4, 49 3.04 0, 11,49 5.83 9, 8,46 7.93 
LeftVLPFC -26, 37, 4 0.25 -33, 23,31 5.91 -36, 38, 10 10.39 
RightVLPFC 39, 41, 4 2.04 45, 41,13 5.98 27, 47, 4 6.92 
Table 4-5. In addition to activation areas observed during directed searches 
within the stimulus-related ROI, a number of other regions were noted with 
significant activity specifie to encoding of sensory features of stimulus 1 (STIM-1 
period, experimental vs. control trials), short-term memory (delay period, 
experimental vs. control trials) or discrimination (STIM-2 period, experimental vs. 
control trials) of the noxious thermal stimuli (random-effects GLM analyses, 
global search of entire brain volume, threshold of significance: T=4.7, p=O.05, 
corrected for multiple comparisons). Stereotaxie coordinates are given in 
Talairach space (Talairach and Tournoux, 1988). 
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8upplementary Table 4-1. Coordinates of activation (individual subjects) 
associated with the memory-specific activation during the delay (181 
Memory minus 181 Control) 
Subjec:t Brain area x y z 
1 SI -33 -36 46 
2 PPC -33 -50 46 
3 SI -40 -34 46 
4 SIIIPL -45 -37 31 
5 SVIPL -48 -40 34 
6 SI -31 -43 53 
7 IPL -60 -32 31 
8 SI -34 -46 59 
8upplementary Table 4-1. Talairach coordinates of activation obtained in 
individual subjects associated with the memory-specific activation during the 
delay (ISI Memory minus ISI Control). The actual anatomical determination of 
the activation sites was made trom a careful examination of the data associated 
with each subject, relative to his/her own specific parietal anatomy. 
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5 Chapter 5: General discussion and final conclusions 
5.1 General discussion 
The studies described in this dissertation represent a large part of the work 1 
performed during my Ph.O. on the cerebral correlates of attention and short-term 
memory of innocuous and noxious somatosensory stimuli. Innocuous and 
noxious cutaneous input is processed by a network of cerebral areas, which have 
been the object of numerous brain imaging investigations in both the healthy and 
patient population (for reviews, see (Johansen-Berg and Lloyd, 2000;Apkarian et 
al., 2005). As a result, the role of different brain regions in the perception and 
interpretation of somatosensory stimuli has been studied extensively. The 
cerebral substrates of memory for somatosensory stimuli, on the other hand, 
have been largely unexplored. It is still unclear how we represent somatosensory 
stimuli in short-term memory and how we retrieve somatic sensation in the 
absence of stimulation. 
The first study (manuscript #1) described in this thesis involved the delivery of 
innocuous vibrotactile stimuli to healthy subjects in a passive, an offset detection, 
and a localization task. The main objective of this investigation was to detect a 
significant increase in BOLO signal in SI in response to a somatosensory 
stimulus. There exists an ongoing debate as to the role SI plays in the 
processing of sensory-discriminative features of somatic sensation: does SI 
process intensity or spatial aspects of stimulation, or both? We designed three 
tasks each with a different cognitive and psychophysical demand to investigate 
this matter. Ouring the passive task, subjects passively received innocuous 
vibrotactile stimuli. Ouring the offset detection task, subjects received similar 
stimuli and were asked to detect the offset (termination) of the stimuli by pressing 
167 
a response button. Finally, during the localization task subjects were required to 
encode only the spatial features of the stimulus, without paying attention to the 
frequency of the vibration. To our knowledge, this is the tirst study separating 
localization from frequency processing of innocuous tactile stimulation. 
The major thrust of the pain investigations (manuscripts #2 and #3) was to 
identify cortical regions that sustained their activation in response to pain stimuli 
during the delay (interstimulus interval or ISI) in a short-term memory task. 
Within areas known to be involved in pain perception, we identitied regions of 
interest [pain ROI] that responded to the painful stimuli and explored their activity 
during the ISI. In addition, a global search analysis encompassing the entire 
brain was performed to assess whether other brain regions that are not involved 
in the perception of noxious somatosensory stimuli would show memory-related 
activation. 
As stated at the beginning of the introductory chapter, the management of 
chronic pain at pain clinics frequently involves asking the patients to produce a 
retrospective rating of the intensity of their pain during their medical 
appointments. This modus operandi begs the question: how weil do we 
remember pain, and especially for how long? Of course, the kind of memory the 
patients rely on when producing the evaluations of their pain, is long-term 
memory, and involves most probably sorne degree of categorization. As a step 
towards identifying the neural mechanisms sub-serving pain memory we 
investigated the neural correlates of short-term memory of pain in healthy 
subjects. To our knowledge, these are the tirst brain imaging investigations on 
memory for pain stimuli. The neural correlates of short-term memory for pain in 
chronic pain patients remain largely unknown and it is probable that they differ 
from those obtained in healthy participants. The generalization of our results to 
the clinical pain patient population, however, is certainly beyond the scope of this 
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thesis. The present results are the first attempts at identifying memory processes 
for pain in healthy participants, and hopefully they willlead the way for similar 
investigations to be conducted successfully on chronic pain patients. 
Innocuous stimulation and attentional processes 
Using fMRI we demonstrated that innocuous vibrotactile stimuli delivered in the 
context of tasks with increasing attentional demands towards the stimuli evoked 
higher levels of sustained activation in a subset of the brain areas involved in 
vibration processing. As we had hypothesized, the vibrotactile stimuli presented 
in the passive task evoked the lowest level of activity in primary somatosensory 
cortexlposterior parietal cortex (SIIPPC) and insular cortex (IC), but not in 
secondary somatosensory cortex (511). We reported increased activation in 
SIIPPC duririg the two active tasks (offset detection and localization), which can 
be associated with higher and sustained attention levels to vibrotactile stimuli. 
These results are consistent with studies that have investigated attention and 
somatosensory processing (Meyer et al., 1991 ;Johansen-Berg et al., 
2000;Staines et al., 2002). 
Compared to the published studies on attention and innocuous somatosensory 
processing, the novel aspect of our vibrotactile experiment related to the 
investigation of stimulus localization separate from other cognitive processing of 
the somatosensory stimulus (su ch as intensity, frequency, or duration) (Burton et 
al., 1999). Our goal was to investigate the contribution of SI to the processing of 
spatial characteristics of tactile stimuli. With an emphasis on parietal areas, we 
intended to evaluate the activity in cerebral regions elicited by the subject's 
identification of the spatial features of the innocuous tactile stimulus. 
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The vibration stimuli delivered during the offset detection trials evoked higher 
levels of activation in SIIPPC, compared to the stimuli presented in the 
localization trials. We had hypothesized that the encoding of the spatial features 
of the stimulus during the localization trials would recruit SI, and would elicit a 
higher BOLD signal than for the offset detection task. However, the results from 
the analysis of the stimulus activation maps compared to the baseline indicated 
that the stimulus elicited a higher BOLD signal in the offset detection than in the 
localization task. To explain this result, we concluded that the requirement to 
detect the end of the stimulus (offset detection task) led the subjects to pay 
attention throughout the entire duration of the stimulus as opposed to the 
localization trials where subjects were not required to detect the termination of 
the stimulus. Consequently, if subjects presumably identified the location of the 
stimulus before the end of the stimulus, it is likely that they shifted their attention 
away from the stimulus awaiting the delay-discrimination question posed at the 
end of each trial. We took this factor into consideration when designing the 
subsequent pain studies (manuscript #2 and #3). Accordingly, to control for this 
effect we implemented an offset detection requirement in both the control and the 
memory trials to ensure that subjects attended equally throughout the entire 
duration of the stimulus presentation. 
Short-term memory of cutaneous heat pain stimuli 
Pain is a complex sensory, emotional and cognitive experience. The myriad of 
brain imaging studies published in the past 15 years have shed some light on the 
cerebral processing of pain. As previously mentioned, a wide network of areas 
process pain and distinct brain regions within this 'pain network' seem to 
preferentially process different features of the complex experience of pain. 
Whereas the parietal regions of SI, Sil and PPC mediate the sensory-
discriminative aspects of pain, the affective aspects of the noxious stimulation are 
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processed by the ACC, and [albeit to a lesser extent] by the IC (for a review, see 
(Apkarian et aL, 2005). 
The remembered experience of pain corresponds to a persisting mental 
representation of a previous exposure to noxiousstimulation. This pain memory 
is at the heart of a broad spectrum of theories that include the shaping of 
subsequent perception and behaviour (e.g. in pain anticipation) (Porro et aL, 
2002;Koyama et aL, 2005;Taddio et aL, 1995), recognition of pain in others 
(Singer et al., 2004), and the transformation of acute peripheral in jury to 
centralized chronic pain (Woolf and Salter, 2000). Common to these theoretical 
perspectives is the notion that pain memory relies on neural networks involved in 
pain experiences that are activated in the absence of the physical application of a 
noxious stimulus. The role of the various brain areas that process pain in the 
mediation of pain memory has been largely unexplored with brain imaging. 
A handful of studies have investigated the mental representation of the affective 
aspects of pain, measured through the sentiment of empathy. A very elegant 
fMRI study on empathy in healthy subjects revealed that an extended and 
complex network of activated areas process empathie feelings (Singer et aL, 
2004). The ACC is a critical area in mediating empathy, and this is consistent 
with an extensive literature linking the ACC to the processing of the affective [as 
opposed to the sensory-discriminative] aspects of pain (Rainville et aL, 
1997;Hofbauer et aL, 2001 ;Apkarian et aL, 2005;Bushnell et aL, 1999;Rainville et 
aL, 1999a). It has been suggested that memory of the affective aspect of pain 
plays a crucial role in the expression of pain empathy (Preston and de Waal, 
2002); this hypothesis has been consolidated and confirmed by several brain 
imaging studies (Morrison et aL, 2004;Singer et aL, 2004;Jackson et al., 2005). 
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Although pain intensity and pain affect are highly correlated (Rainville et aL, 
1992), we were interested in dissociating the neural correlates of short-term 
memory for the sensory aspects of pain, focusing on spatial and intensity 
characteristics of heat pain stimuli. We measured short-term memory for pain 
using a delayed-discrimination task. We found that of the brain regions (bilateral 
SI/PPC, bilateral Sil, and bilaterallC) that initially had been activated by the 
presentation of the noxious heat stimulus, only a subset (contralateral SIIPPC 
and bilaterallC) continued to be specifically recruited during the maintenance in 
memory of the intensity and spatial features of the stimuli. The activation of 
SI/PPC, an area whose detailed somatotopic representation of the human body 
for both innocuous (Blankenburg et aL, 2003) and painful somatosensory stimuli 
(Ogino et aL, 2005) has been described in detail, is consistent with the specifie 
sensory-discriminative (intensity and location) features of the stimuli to be 
remembered. In contrast to the wealth of evidence linking memory for vibrotactile 
stimuli and activity in monkey Sil (Salinas et aL, 2000), we did not report any 
such activity associated to memory for pain. The fact that the monkeys in those 
experiments were highly trained to discriminate the tactile stimuli presented to a 
single spot of skin, whereas the human participants in our experiments were 
required to remember the location of different noxious pain stimuli that were 
presented on different locations throughout the scanning, could explain the 
discrepant results. 
We also found memory-specific activation in bilateral alC, but with a somewhat 
stronger response on the right side (ipsilateral to the stimulation site). The alC is 
a constitutive part of the limbic system, it holds direct anatomical connections 
with the prefrontal cortex (Apkarian et al., 2005), and is sometimes implicated in 
the perception and processing of affective aspects of pain (Bushnell et aL, 
1999;Brooks et al., 2005). However, it has also been associated with sensory-
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discriminative encoding of innocuous cutaneous stimuli (Craig et aL, 
2000;Olausson.et aL, 2005). 
Finally, we did not find any trend for memory-specific activation in ACC during the 
ISI. The absence of memory-specific activation in ACC suggests that subjects 
did not hold the affective aspect of the stimuli in memory, probably because that 
information would not have been sufficient to perform the delayed-memory 
discrimination task. 
Predictable and unpredictabilitv of trial presentation 
The predictability of the upcoming trial during each scanning run had a differential 
effect depending on the type of somatic stimulus that the subjects were 
experiencing. The predictability or unpredictability of the upcoming trial did not 
affect the cerebral processing of innocuous vibrotactile stimuli. In contrast, 
compared to the predictable design, unpredictable trial presentation produced 
higher levels of heat pain stimulus-evoked and memory-specific brain activation 
in several brain areas, including SIIPPC, Sil, and IC. As opposed to the results 
we obtained with the unpredictable (randomized) design, the painful stimuli 
presented in the predictable experimental design did not elicit any detectable 
increase in BOLO signal in SI/PPC. 
The differences we observed between the different task orders could be 
attributed to inter-individual differences associated with the participants in the two 
groups or discrepancies in magnet sensitivity and high inter-session variability 
(Smith et al., 2005). Although this interpretation is possible, we believe that the 
use of two groups of subjects is unlikely to have affected the data, as our subject 
pools did not differ in terms of age or gender. In addition, we always tested at 
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least one subject of each group on the same day, in order to minimize as much 
as possible differences in activation levels caused by varying sensitivity levels of 
the magnet on different days. 
Other reasons may explain the different results obtained in the predictable and 
unpredictable trials in the pain studies. One reason can be the lower 
performance scores on the delayed-discrimination task in the predictable 
experiment. Although we did not find that the scores decreased as a function of 
time (Paus et al., 1997), they were very low, and may be a consequence of the 
absence of stimulus-evoked activation in SI/PPC. We also performed analyses 
to ascertain whether 'habituation' or an attenuation of sensory-evoked responses 
in the brain may have developed over the successive presentation of the trials. 
These analyses did not confirm this pattern of activation in any brain area. This 
lack of significance, however, does not exclude habituation as an explanation for 
the results, rather it may be an indication of a lack of statistical power. 
The most interesting, if not intriguing, result of the pain study using the 
predictable trial order was that none of the areas constituting the pain network 
(51,511, IC, ACC) showed memory-specific activation during the delay. However, 
when we performed a global search encompassing the entire brain, we found 
memory-specific activation during the delay in bilateral ventral-Iateral prefrontal 
cortex (VLPFC). The memory-specific activation that we observed during the 
inter-stimulus-interval within the dorso-Iateral prefrontal cortex (DLPFC) is 
consistent with many previous studies demonstrating a role for the frontal lobes 
in working memory for innocuous cutaneous stimuli (Romo and Salinas, 
2003;Romo et aL, 1999). 
Finally, we have shown that trial predictability can produce significantly varying 
results in both brain activation evoked by painful stimuli and performance on the 
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delayed-discrimination task. Given our findings of generally low brain activation 
and performance scores in the predictable trial design, an unpredictable 
presentation of experimental and control trials may be a preferred manner to 
assess the cerebral correlates of the encoding, processing and short-term 
memory of cutaneous painful stimuli. 
5.2 Final conclusions 
The work presented in this dissertation indicates that attention has a significant 
impact on the level of activation of a subset of brain areas (SIIPPC and alC) 
involved in the processing of innocuous vibrotactile stimulation. This is especially 
true for the involvement of SI/PPC in the processing of spatial features of somatic 
sensations. Moreover, the order [predictability] of presentation of trials did not 
produce detectable changes in the vibrotactile stimulus-evoked brain activity. 
With respect to the processing of heat pain, keeping a constant level of attention 
to stimuli delivered in both control and memory trials ensured that the pain 
stimulus evoked equivalent activity in ail regions processing pain. The short-terrn 
memory of pain is a mental representation of previously experienced pain, and is 
associated with activation of a subset of the brain regions initially involved in the 
processing of the pain stimulus. This is onlv the case when stimuli were 
delivered within trials presented in a random order and subjects were not able to 
predict whether a memory or a control trial was going to follow. When the stimuli 
were presented within the context of predictable blocks of trials, the activity 
elicited by the perception of the pain stimulus and the maintenance of the 
sensory features in memory was dramatically reduced in several brain regions 





Albanese MC, Bohotin V, Rainville P, Duncan GH (2005) Task-related 
modulation of activity in human parietal cortex associated with vibrotactile 
stimulation. 
Albe-Fessard D, Berkley KJ, Kruger L, Ralston HJ, III, Willis WD, Jr. (1985) 
Diencephalic mechanisms of pain sensation. Brain Res 356:217-296. 
Andersson JL, Lilja A, Hartvig P, Langstrom B, Gordh T, Handwerker H, 
Torebjork E (1997) Somatotopic organization along the central sulcus, for pain 
localization in humans, as revealed by positron emission tomography. Exp Brain 
Res 117:192-199. 
Antognini JF, Buonocore MH, Disbrow EA, Carstens E (1997) Isoflurane 
anesthesia blunts cerebral responses to noxious and innocuous stimuli: a fMRI 
study. Life Sci 61 :L-54. 
Apkarian AV, Bushnell MC, Treede RD, Zubieta JK (2005) Human brain 
mechanisms of pain perception and regulation in health and disease. Eur J Pain 
9:463-484. 
Apkarian AV, Krauss BR, Fredrickson BE, Szeverenyi NM (2001) Imaging the 
pain of low back pain: functional magnetic resonance imaging in combination with 
monitoring subjective pain perception allows the study of clinical pain states. 
Neurosci Lett 299:57-60. 
Apkarian AV, Stea RA, Bolanowski SJ (1994) Heat-induced pain diminishes 
vibrotactile perception: a touch gate. Somatosens Mot Res 11 :259-267. 
Apkarian AV, Stea RA, Manglos SH, Szeverenyi NM, King RB, Thomas FD 
(1992) Persistent pain inhibits contralateral somatosensory cortical activity in 
humans. Neurosci Lett 140:141-147. 
Aziz Q, Andersson JL, Valind S, Sundin A, Hamdy S, Jones AK, Foster ER, 
Langstrom B, Thompson DG (1997) Identification of human brain loci processing 




Baciu MV, Bonaz Bl, Papillon E, Bost RA, le Bas JF, Fournet J, Segebarth CM 
(1999) Central processing of rectal pain: a functional MR imaging study. AJNR 
Am J Neuroradiol 20: 1920-1924. 
Baddeley A (2000) Working memory in primate sensory systems. New York, NY: 
Oxford University Press. 
Baron R, Baron Y, Disbrow E, Roberts TP (1999) Brain processing of capsaicin-
induced secondary hyperalgesia: a functional MRI study. Neurology 53:548-557. 
Bassetti C, Bogousslavsky J, Regli F (1993) Sensory syndromes in parietal 
stroke. Neurology 43: 1942-1949. 
Becerra l, ladarola M, Borsook D (2004) CNS activation by noxious heat to the 
hand or foot: site-dependent delay in sensory but not emotion circuitry. J 
Neurophysiol 91 :533-541. 
Becerra lR, Breiter HC, Stojanovic M, Fishman S, Edwards A, Comite AR, 
Gonzalez RG, Borsook D (1999) Human brain activation under controlled thermal 
stimulation and habituation to noxious heat: an fMRI study. Magn Reson Med 
41:1044-1057. 
Bentley DE, Youell PD, Crossman AR, Jones AK (2001) Source localisation of 
62-electrode human laser pain evoked potential data using a realistic head 
mode!. Int J PsychophysioI41:187-193. 
Berns GS, McClure SM, Pagnoni G, Montague PR (2001) Predictability 
modulates human brain response to reward. J Neurosci 21 :2793-2798. 
Bingel U, Lorenz J, Glauche V, Knab R, Glascher J, Weiller C, Buchel C (2004) 
Somatotopic organization of human somatosensory cortices for pain: a single trial 
fMRI study. Neuroimage 23:224-232. 
Bingel U, Quante M, Knab R, Bromm B, Weiller C, Buchel C (2003) Single trial 
fMRI reveals significant contralateral bias in responses to laser pain within 
thalamus and somatosensory cortices. Neuroimage 18:740-748. 
Binkofski F, Schnitzler A, Enck P, Frieling T, Posse S, Seitz RJ, Freund HJ 
(1998) Somatic and limbic cortex activation in esophageal distention: a functional 
magnetic resonance imaging study. Ann NeuroI44:811-815. 
Birn RM, Cox RW, Bandettini PA (2002) Detection versus estimation in event-
related fMRI: choosing the optimal stimulus timing. Neuroimage 15:252-264. 
177 
Blakemore SJ, Bristow D, Bird G, Frith C, Ward J (2005) Somatosensory 
activations during the observation of touch and a case of vision-touch 
synaesthesia. Brain 128:1571-1583. 
Blakemore SJ, Rees G, Frith CD (1998) How do we predict the consequences of 
our actions? A functional imaging study. Neuropsychologia 36:521-529. 
Blankenburg F, Ruben J, Meyer R, Schwiemann J, Villringer A (2003) Evidence 
for a rostral-to-caudal somatotopic organization in human primary somatosensory 
cortex with mirror-reversal in areas 3b and 1. Cereb Cortex 13:987-993. 
Bodegard A, Geyer S, Grefkes C, Zilles K, Roland PE (2001) Hierarchical 
processing of tactile shape in the human brain. Neuron 31:317-328. 
Bodner M, Shafi M, Zhou YD, Fuster JM (2005) Pattemed firing of parietal cells in 
a haptic working memory task. Eur J Neurosci 21 :2538-2546. 
Bohotin V, Albanese MC, Gosselin-Kessiby N, Bohotin C, Popescu CD, Duncan 
GH (2005) Dissociation between detection and localization of vibrotactile stimuli: 
a transcranial magnetic stimulation study. 
Bonhomme V, Fiset P, Meuret P, Backman S, Plourde G, Paus T, Bushnell MC, 
Evans AC (2001) Propofol anesthesia and cerebral blood flow changes elicited 
by vibrotactile stimulation: a positron emission tomography study. J Neurophysiol 
85:1299-1308. 
Bomhovd K, Quante M, Glauche V, Bromm B, Weiller C, Buchel C (2002) Painful 
stimuli evoke different stimulus-response functions in the amygdala, prefrontal, 
insu la and somatosensory cortex: a single-trial fMRI study. Brain 125:1326-1336. 
Brodmann K (1909) Vergleichende lokalisationslehre der Grosshimrinde in ihren 
Principien dargestellt auf grund des Zellenbaues. Leipzig. 
Brooks JC, Zambreanu l, Godinez A, Craig AD, Tracey 1 (2005) Somatotopic 
organisation of the human insula to painful heat studied with high resolution 
functional imaging. Neuroimage 27:201-209. 
Burton H, Abend NS, Macleod AM, Sinclair RJ, Snyder AZ, Raichle ME (1999) 
Tactile attention tasks enhance activation in somatosensory regions of parietal 
cortex: a positron emission tomography study. Cereb Cortex 9:662-674. 
Burton H, Sinclair RJ (2000) Attending to and remembering tactile stimuli: a 
review of brain imaging data and single-neuron responses. J Clin Neurophysiol 
17:575-591. 
178 
Burton H, Sinclair RJ (1991) Second somatosensory cortical area in macaque 
monkeys: 2. Neuronal responses to punctate vibrotactile stimulation of glabrous 
skin on the hand. Brain Res 538: 127-135. 
Burton H, Sinclair RJ, McLaren DG (2004) Cortical activity to vibrotactile 
stimulation: an fMRI study in blind and sighted individuals. Hum Brain Mapp 
23:210-228. 
Burton H, Videen TO, Raichle ME (1993) Tactile-vibration-activated foci in insular 
and parietal-opercular cortex studied with positron emission tomography: 
mapping the second somatosensory area in humans. Somatosens Mot Res 
10:297-308. 
Bushnell MC, Duncan GH, Ha B, Chen JI (2000) Non-invasive brain imaging 
during experimental and clinical pain. In: Proceedings of the XVth World 
Congress on Pain (Devor M, Rowbotham M, Wisenfeld-Hallin Z, eds), pp 485-
496. Seattle: IASP Press. 
Bushnell MC, Duncan GH, Hofbauer RK, Ha B, Chen JI, Carrier B (1999) Pain 
perception: is there a role for primary somatosensory cortex? Proc Natl Acad Sci 
USA 96:7705-7709. 
Carreras M, Andersson SA (1963) Functional properties of neurons of the 
anterior ectosylvian gyrus of the cat. J NeurophysioI26:100-126. 
Carrier B, Rainville P, Paus T, Duncan GH, Bushnell MC (1998) Attentional 
modulation of pain-related activity in human cerebral cortex. 
Casey KL, Minoshima S, Berger KL, Koeppe RA, Morrow TJ, Frey KA (1994) 
Positron emission tomographic analysis of cerebral structures activated 
specifically by repetitive noxious heat stimuli. J Neurophysiol 71 :802-807. 
Casey KL, Minoshima S, Morrow T J, Koeppe RA (1996) Comparison of human 
cerebral activation pattern during cutaneous warmth, heat pain, and deep cold 
pain. J NeurophysioI76:571-581. 
Casey KL, Svensson P, Morrow TJ, Raz J, Jone C, Minoshima S (2000) 
Selective opiate modulation of nociceptive processing in the human brain. J 
Neurophysiol84:525-533. 
Chang PF, rendt-Nielsen L, Graven-Nielsen T, Svensson P, Chen AC (2001) 
Topographic effects of tonic cutaneous nociceptive stimulation on human 
electroencephalograph. Neurosci Lett 305:49-52. 
179 
Chen JI, Ha B, Bushnell MC, Pike B, Duncan GH (2002) Differentiating noxious-
and innocuous-related activation of human somatosensory cortices using 
temporal analysis of fMRI. J Neurophysiol 88:464-474. 
Christmann C, Koeppe C, Braus OF, Ruf M, Fior H (2006) A simultaneous EEG-
fMRI study of painful electric stimulation. Neuroimage. 
Coghill RC, Gilran l, ladarola MJ (2001) Hemispheric lateralization of 
somatosensory processing. J NeurophysioI85:2602-2612. 
Coghill RC, McHaffie JG, Yen YF (2003) Neural correlates of interindividual 
differences in the subjective experience of pain. Prac Natl Acad Sci USA 
100:8538-8542. 
Coghill RC, Sang CN, Maisog JM, ladarola MJ (1999) Pain intensity processing 
within the human brain: a bilateral, distributed mechanism. J Neurophysiol 
82:1934-1943. 
Coghill RC, Talbot JO, Evans AC, Meyer E, Gjedde A, Bushnell MC, Duncan GH 
(1994) Distributed processing of pain and vibration by the human brain. J 
Neurosci 14:4095-4108. 
Craig AD (2002) How do you feel? Interoception: the sense of the physiological 
condition of the body. Nat Rev Neurosci 3:655-666. 
Craig AD (2003) Interoception: the sense of the physiological condition of the 
body. Curr Opin Neurobiol 13:500-505. 
Craig AD (2005) Forebrain emotional asymmetry: a neuroanatomical basis? 
Trends Cogn Sci 9:566-571. 
Craig AD, Chen K, Bandy D, Reiman EM (2000) Thermosensory activation of 
insular cortex. Nat Neurosci 3: 184-190. 
Craig AD, Reiman EM, Evans A, Bushnell MC (1996) Functional imaging of an 
illusion of pain. Nature 384:258-260. 
Crawford HJ, Gur RC, Skolnick B, Gur RE, Benson DM (1993) Effects of 
hypnosis on regional cerebral blood flow during ischemic pain with and without 
suggested hypnotic analgesia. Int J PsychophysioI15:181-195. 
Creac'h C, Henry P, Caille JM, Allard M (2000) Functional MR imaging analysis 
of pain-related brain activation after acute mechanical stimulation. AJNR Am J 
Neuroradiol 21 :1402-1406. 
180 
Curtis CE, D'Esposito M (2006) Selection and maintenance of saccade goals in 
the human frontal eye fields. J Neurophysiol 95:3923-3927. 
Cushing H (1909) A note upon the faradic stimulation of the postœntral gyrus in 
conscious patients. pp 44-53. 
DaSilva AF, Becerra L, Makris N, Strassman AM, Gonzalez RG, Geatrakis N, 
Borsook 0 (2002) Somatotopic activation in the human trigeminal pain pathway. 
J Neurosci 22:8183-8192. 
Davis KD, Kwan CL, Crawley AP, Mikulis DJ (1998) Functional MRI studyof 
thalamic and cortical activations evoked by cutaneous heat, cold, and tactile 
stimuli. J NeurophysioI80:1533-1546. 
Davis KD, Pope GE, Crawley AP, Mikulis DJ (2002) Neural correlates of prickle 
sensation: a percept-related fMRI study. Nat Neurosci 5:1121-1122. 
Davis KD, Taylor KS, Hutchison WD, Dostrovsky JO, McAndrews MP, Richter 
EO, Lozano AM (2005) Human anterior cingulate cortex neurons encode 
cognitive and emotional demands. J Neurosci 25:8402-8406. 
Davis KD, Wood ML, Crawley AP, Mikulis DJ (1995) fMRI of human 
somatosensory and cingulate cortex during painful electrical nerve stimulation. 
Neuroreport 7:321-325. 
de Leeuw R., Albuquerque RJ, Andersen AH, Carlson CR (2006) Influence of 
estrogen on brain activation during stimulation with painful heat. J Oral Maxillofac 
Surg 64:158-166. 
De Pascalis V, Magurano MR, Bellusci A, Chen AC (2001) Somatosensory 
event-related potential and autonomic activity to varying pain reduction cognitive 
strategies in hypnosis. Clin NeurophysioI112:1475-1485. 
Derbyshire SW, Jones AK (1998) Cerebral responses to a continuai tonic pain 
stimulus measured using positron emission tomography. Pain 76:127-135. 
Derbyshire SW, Jones AK, Collins M, Feinmann C, Harris M (1999) Cerebral 
responses to pain in patients suffering acute post-dental extraction pain 
measured by positron emission tomography (PET). Eur J Pain 3: 1 03-113. 
Derbyshire SW, Jones AK, Devani P, Friston KJ, Feinmann C, Harris M, Pearce 
S, Watson JO, Frackowiak RS (1994) Cerebral responses to pain in patients with 
atypical facial pain measured by positron emission tomography. J Neurol 
Neurosurg Psychiatry 57:1166-1172. 
181 
Derbyshire SW, Jones AK, Gyulai F, Clark S, Townsend D, Firestone LL (1997) 
Pain processing during three levels of noxious stimulation produces differential 
patterns of central activity. Pain 73:431-445. 
Di Piero V, Ferracuti S, Sabatini U, Pantano P, Cruccu G, Lenzi GL (1994) A 
cerebral blood flow study on tonie pain activation in man. Pain 56: 167-173. 
Di Piero V, Fiacco F, Tombari D, Pantano P (1997) Tonie pain: a SPET study in 
normal subjects and cluster headache patients. Pain 70: 185-191. 
Disbrow E, Buonocore M, Antognini J, Carstens E, Rowley HA (1998) 
Somatosensory cortex: a comparison of the response to noxious thermal, 
mechanical, and electrical stimuli using functional magnetic resonance imaging. 
Hum Brain Mapp 6:150-159. 
Disbrow E, Roberts T, Krubitzer L (2000) Somatotopic organization of cortical 
fields in the lateral sulcus of Homo sapiens: evidence for Sil and PV. J Comp 
NeuroI418:1-21. 
Dong WK, Chudler EH, Sugiyama K, Roberts VJ, Hayashi T (1994) 
Somatosensory, multisensory, and task-related neurons in cortical area 7b (PF) 
of unanesthetized monkeys. J Neurophysiol 72:542-564. 
Dong WK, Hayashi T, Roberts VJ, Fusco BM, Chudler EH (1996) Behavioral 
outcome of posterior parietal cortex in jury in the monkey. Pain 64:579-587. 
Dong WK, Salonen LD, Kawakami Y, Shiwaku T, Kaukoranta EM, Martin RF 
(1989) Nociceptive responses of trigeminal neurons in SII-7b cortex of awake 
monkeys. Brain Res 484:314-324. 
Downar J, Crawley AP, Mikulis DJ, Davis KD (2002) A cortical network sensitive 
to stimulus salience in a neutral behavioral context across multiple sensory 
modalities. J NeurophysioI87:615-620. 
Downar J, Crawley AP, Mikulis DJ, Davis KD (2000) A multimodal cortical 
network for the detection of changes in the sensory environ ment. Nat Neurosci 
3:277-283. 
Duerden EG, Albanese MC, Rainville P, Duncan GH (2005) Responses in human 
cortex associated with short-term memory of painful stimuli: comparison between 
predictable and non-predictable task order. 
Duncan GH, Bushnell MC, Talbot JO, Evans AC, Meyer E, Marrett S (1992) Pain 
and activation in the thalamus. Trends Neurosci 15:252-253. 
182 
Duvernoy HM (1999) The Human Brain: Surface, Three-Dimensional Sectional 
Anatomy with MRI, and Blood Supply. 
Eisenberger NI, Lieberman MD, Williams KD (2003) Does rejection hurt? An 
FMRI study of social exclusion. Science 302:290-292. 
Forss N, Raij TT, Seppa M, Hari R (2005) Common cortical network for first and 
second pain. Neuroimage 24:132-142. 
Fox PT, Burton H, Raichle ME (1987) Mapping human somatosensory cortex 
with positron emission tomography. J Neurosurg 67:34-43. 
Fox PT, Raichle ME (1986) Focal physiological uncoupling of cerebral blood flow 
and oxidative metabolism during somatosensory stimulation in human subjects. 
Proc Natl Acad Sci USA 83:1140-1144. 
Francis ST, Kelly EF, Bowtell R, Dunseath WJ, Foiger SE, McGlone F (2000) 
fMRI of the responses to vibratory stimulation of digit tips. Neuroimage 11: 188-
202. 
Friedman OP, Murray EA (1986) Thalamic connectivity of the second 
somatosensory area and neighboring somatosensory fields of the lateral sulcus 
of the macaque. J Comp Neurol 252:348-373. 
Friedman OP, Murray EA, O'Neill JB, Mishkin M (1986) Cortical connections of 
the somatosensory fields of the lateral sulcus of macaques: evidence for a 
corticolimbic pathway for touch. J Comp NeuroI252:323-347. 
Friston KJ, Holmes AP, Worsley KJ (1999) How many subjects constitute a 
study? Neuroimage 10:1-5. 
Frot M, Garcia-Larrea L, Guenot M, Mauguiere F (2001) Responses of the supra-
sylvian (Sil) cortex in humans to painful and innocuous stimuli. A study using 
intra-cerebral recordings. Pain 94:65-73. 
Gardner EP, Martin JH, Jessel TM (2000) The bodily senses. In: Principles of 
Neural Science (Kandel ER, Schwartz JH, Jessel TM, eds), pp 430-450. New 
York: McGraw-HiII. 
Gelnar PA, Krauss BR, Sheehe PR, Szeverenyi NM, Apkarian AV (1999) A 
comparative fMRI study of cortical representations for thermal painful, 
vibrotactile, and motor performance tasks. Neuroimage 10:460-482. 
Golaszewski SM, Siedentopf CM, Koppelstaetter F, Fend M, Ischebeck A, 
Gonzalez-Felipe V, Haala l, Struhal W, Mottaghy FM, Gallasch E, Felber SR, 
183 
Gerstenbrand F (2006) Human brain structures related to plantar vibrotactile 
stimulation: a functional magnetic resonance imaging study. Neuroimage 29:923-
929. 
Gottlieb JP, Kusunoki M, Goldberg ME (1998) The representation of visual 
salience in monkey parietal cortex. Nature 391 :481-484. 
Grachev ID, Fredrickson BE, Apkarian AV (2000) Abnormal brain chemistry in 
chronic back pain: an in vivo proton magnetic resonance spectroscopy study. 
Pain 89:7-18. 
Greenspan JO, Lee RR, Lenz FA (1999) Pain sensitivity alterations as a function 
of lesion location in the parasylvian cortex. Pain 81 :273-282. 
Greenspan JO, Winfield JA (1992) Reversible pain and tactile deficits associated 
with a cerebral tumor compressing the posterior insula and parietal operculum. 
Pain 50:29-39. 
Haddon JE, Killcross S (2006) Prefrontal cortex lesions disrupt the contextual 
control of response conflict. J Neurosci 26:2933-2940. 
Hansson T, Brismar T (1999) Tactile stimulation of the hand causes bilateral 
cortical activation: a functional magnetic resonance study in humans. Neurosci 
Lett 271:29-32. 
Harada T, Saito ON, Kashikura K, Sato T, Yonekura Y, Honda M, Sadato N 
(2004) Asymmetrical neural substrates of tactile discrimination in humans: a 
functional magnetic resonance imaging study. J Neurosci 24:7524-7530. 
Harris JA, Miniussi C, Harris lM, Oiamond ME (2002) Transient storage of a 
tactile memory trace in primary somatosensory cortex. J Neurosci 22:8720-8725. 
Head H, Holmes G (1911) Sensory disturbances from cerebrallesions. pp 102-
154. 
Helmchen C, Mohr C, Erdmann C, Binkofski F, Buchel C (2006) Neural activity 
related to self- versus externally generated painful stimuli reveals distinct 
differences in the lateral pain system in a parametric fMRI study. Hum Brain 
Mapp. 
Hofbauer RK, Rainville P, Duncan GH, Bushnell MC (2001) Cortical 
representation of the sensory dimension of pain. J Neurophysiol 86:402-411. 
184 
Hoffman HG, Richards TL, Coda B, Bills AR, Blough D, Richards AL, Sharar SR 
(2004) Modulation of thermal pain-related brain activity with virtual reality: 
evidence from fMRI. Neuroreport 15:1245-1248. 
Howland EW, Wakai RT, Mjaanes BA, Balog JP, Cleeland CS (1995) Whole 
head mapping of magnetic fields following painful electric finger shock. Brain Res 
Cogn Brain Res 2:165-172. 
Hsieh JC, Belfrage M, Stone-Elander S, Hansson P, Ingvar M (1995a) Central 
representation of chronic ongoing neuropathic pain studied by positron emission 
tomography. Pain 63:225-236. 
Hsieh JC, Hannerz J, Ingvar M (1996a) Right-Iateralised central processing for 
pain of nitroglycerin-induced cluster headache. Pain 67:59-68. 
Hsieh JC, Stahle-Backdahl M, Hagermark 0, Stone-Elander S, Rosenquist G, 
Ingvar M (1996b) Traumatic nociceptive pain activates the hypothalamus and the 
periaqueductal gray: a positron emission tomography study. Pain 64:303-314. 
Hsieh JC, Stone-Elan der S, Eriksson L, Ingvar M (1995b) Decreased limbic and 
primary sensory cortical activity during anticipation and endurance of a painful 
stimulation. 
Hua IH, Strigo lA, Baxter LC, Johnson SC, Craig AD (2005) Anteroposterior 
somatotopy of innocuous cooling activation focus in human dorsal posterior 
insular cortex. Am J Physiol Regullntegr Comp PhysioI289:R319-R325. 
Hyvarinen J, Poranen A, Jokinen Y (1980) Influence of attentive behavior on 
neuronal responses to vibration in primary somatosensory cortex of the monkey. 
J Neurophysiol 43:870-882. 
ladarola MJ, Berman KF, Zeffiro TA, Byas-Smith MG, Gracely RH, Max MB, 
Bennett GJ (1998) Neural activation during acute capsaicin-evoked pain and 
allodynia assessed with PET. Brain 121 ( pt 5):931-947. 
lannetti GD, Niazy RK, Wise RG, Jezzard P, Brooks JC, Zambreanu L, Vennart 
W, Matthews PM, Tracey 1 (2005) Simultaneous recording of laser-evoked brain 
potentials and continuous, high-field functional magnetic resonance imaging in 
humans. Neuroimage 28:708-719. 
Inui K, Tran TD, Qiu Y, Wang X, Hoshiyama M, Kakigi R (2002) Pain-related 
magnetic fields evoked by intra-epidermal electrical stimulation in humans. Clin 
Neurophysiol 113:298-304. 
185 
Iwamura Y, Iriki A, Tanaka M (1994) Bilateral hand representation in the 
postcentral somatosensory cortex. Nature 369:554-556. 
Jackson PL, Meltzoff AN, Decety J (2005) How do we perceive the pain of 
others? A window into the neural processes involved in empathy. Neuroimage 
24:771-779. 
Johansen-Berg H, Christensen V, Woolrich M, Matthews PM (2000) Attention to 
touch modulates activity in both primary and secondary somatosensory areas. 
Neuroreport 11: 1237 -1241. 
Johansen-Berg H, Lloyd DM (2000) The physiology and psychology of selective 
attention to touch. Front Biosci 5:0894-0904. 
Jones AK, Brown WD, Friston KJ, Qi LY, Frackowiak RS (1991) Cortical and 
subcortical localization of response to pain in man using positron emission 
tomography. Proc Biol Sci 244:39-44. 
Jones AK, Derbyshire SW (1996) Cerebral mechanisms operating in the 
presence and absence of inflammatory pain. Ann Rheum Dis 55:411-420. 
Jones AK, Friston K, Frackowiak RS (1992) Localization of responses to pain in 
human cerebral cortex. Science 255:215-216. 
Jung P, Baumgartner U, Bauermann T, Magerl W, Gawehn J, Stoeter P, Treede 
RD (2003) Asymmetry in the human primary somatosensory cortex and 
handedness. Neuroimage 19:913-923. 
Kaas JH, Collins CE (2003) The organization of somatosensory cortex in 
anthropoid primates. In: Advances in Neurology: The Parietal Lobes (Siegel AM, 
Andersen RA, Freund H-J, Spencer DO, eds), pp 57-67. Philadelphia, PA, USA: 
Lippincott Williams & Wilkins. 
Kalaska JF, Cisek P, Gosselin-Kessiby N (2003) Mechanisms of selection and 
guidance of reaching movements in the parietal lobe. In: Advances in Neurology: 
The Parietal Lobes (Siegel AM, Andersen RA, Freund H-J, Spencer DO, eds), pp 
97-119. Philadelphia, PA, USA: Lippincott Williams & Wilkins. 
Keltner JR, Furst A, Fan C, Redfem R, Inglis B, Fields HL (2006) Isolating the 
modulatory effect of expectation on pain transmission: a functional magnetic 
resonance imaging study. J Neurosci 26:4437-4443. 
186 
Kenshalo DR, Willis WD (1991) The role of cerebral cortex in pain sensation. In: 
Cerebral cortex, normal and altered states of function (peters A, Jones EG, eds), 
pp 153-212. New York: Plenum Press. 
Kitada R, Kito T, Saito DN, Kochiyama T, Matsumura M, Sadato N, Lederman SJ 
(2006) Multisensory activation of the intraparietal area when classifying grating 
orientation: a functional magnetic resonance imaging study. J Neurosci 26:7491-
7501. 
Kitamura Y, Kakigi R, Hoshiyama M, Koyama S, Shimojo M, Watanabe S (1995) 
Pain-related somatosensory evoked magnetic fields. Electroencephalogr Clin 
Neurophysiol 95:463-474. 
Kong J, Gollub RL, Rosman IS, Webb JM, Vangel MG, Kirsch 1, Kaptchuk TJ 
(2006) Brain activity associated with expectancy-enhanced placebo analgesia as 
measured by functional magnetic resonance imaging. J Neurosci 26:381-388. 
Koyama T, McHaffie JG, Laurienti PJ, Coghill RC (2003) The single-epoch fMRI 
design: validation of a simplified paradigm for the collection of subjective ratings. 
Neuroimage 19:976-987. 
Koyama T, McHaffie JG, Laurienti PJ, Coghill RC (2005) The subjective 
experience of pain: where expectations become reality. Proc Natl Acad Sci USA 
102: 12950-12955. 
Kurth R, Villringer K, Mackert BM, Schwiemann J, Braun J, Cu rio G, Villringer A, 
Wolf KJ (1998) fMRI assessment of somatotopy in human Brodmann area 3b by 
electrical finger stimulation. Neuroreport 9:207-212. 
Kwan CL, Crawley AP, Mikulis DJ, Davis KD (2000) An fMRI study of the anterior 
cingulate cortex and surrounding medial wall activations evoked by noxious 
cutaneous heat and cold stimuli. Pain 85:359-374. 
Laureys S, Faymonville ME, Peigneux P, Damas P, Lambermont B, Del FG, 
Degueldre C, Aerts J, Luxen A, Franck G, Lamy M, Moonen G, Maquet P (2002) 
Cortical processing of noxious somatosensory stimuli in the persistent vegetative 
state. Neuroimage 17:732-741. 
LEWIN W, PHILLIPS CG (1952) Observations on partial removal of the post-
central gyrus for pain. J Neurol Neurosurg Psychiatry 15:143-147. 
Upton ML, Fu KM, Branch CA, Schroeder CE (2006)lpsilateral hand input to 
area 3b revealed by converging hemodynamic and electrophysiological analyses 
in macaque monkeys. J Neurosci 26: 180-185. 
187 
Liston C, Matalon S, Hare TA, Davidson MC, Casey BJ (2006) Anterior cingulate 
and posterior parietal cortices are sensitive to dissociable forms of conflict in a 
task-switching paradigm. Neuron 50:643-653. 
Liu TT, Frank LR, Wong EC, Buxton RB (2001) Detection power, estimation 
efficiency, and predictability in event-related fMRI. Neuroimage 13:759-773. 
Logothetis NK (2002) The neural basis of the blood-oxygen-Ievel-dependent 
functional magnetic resonance imaging signal. Philos Trans R Soc Lond B Biol 
Sci 357:1003-1037. 
Logothetis NK, Guggenberger H, Peled S, Pauls J (1999) Functional imaging of 
the monkey brain. Nat Neurosci 2:555-562. 
Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001) 
Neurophysiological investigation of the basis of the fMRI signal. Nature 412: 150-
157. 
Logothetis NK, Wandell BA (2004) Interpreting the BOLD signal. Annu Rev 
PhysioI66:735-769. 
Lotze M, Fior H, Grodd W, Larbig W, Birbaumer N (2001) Phantom movements 
and pain. An fMRI study in upper limb amputees. Brain 124:2268-2277. 
Luna R, Hemandez A, Brody CD, Romo R (2005) Neural codes for perceptual 
discrimination in primary somatosensory cortex. Nat Neurosci 8:1210-1219. 
Maccotta L, Buckner RL (2004) Evidence for neural effects of repetition that 
directly correlate with behavioral priming. J Cogn Neurosci 16:1625-1632. 
Maihofner C, Handwerker HO (2005) Differentiai coding of hyperalgesia in the 
human brain: a functional MRI study. Neuroimage 28:996-1006. 
Maihofner C, Herzner B, Otto HH (2006) Secondary somatosensory cortex is 
important for the sensory-discriminative dimension of pain: a functional MRI 
study. Eur J Neurosci 23:1377-1383. 
Maihofner C, Kaltenhauser M, Neundorfer B, Lang E (2002) Temporo-spatial 
analysis of cortical activation by phasic innocuous and noxious cold stimuli--a 
magnetoencephalographic study. Pain 100:281-290. 
Maihofner C, Schmelz M, Forster C, Neundorfer B, Handwerker HO (2004) 
Neural activation during experimental allodynia: a functional magnetic resonance 
imaging study. Eur J Neurosci 19:3211-3218. 
188 
Marshall J (1951) Sensory disturbances in cortical wounds with special reference 
to pain. J Neurol Neurosurg Psychiatry 14:187-204. 
Mauguiere F, Courjon J (1978) Somatosensory epilepsy. A review of 127 cases. 
Brain 101 :307-332. 
May A, Kaube H, Buchel C, Eichten C, Rijntjes M, Juptner M, Weiller C, Oiener 
HC (1998) Experimental cranial pain elicited by capsaicin: a PET study. Pain 
74:61-66. 
McClure SM, Berns GS, Montague PR (2003) Temporal prediction errors in a 
passive learning task activate human striatum. Neuron 38:339-346. 
McGlone F, Kelly EF, Trulsson M, Francis ST, Westling G, Bowtell R (2002) 
Functional neuroimaging studies of human somatosensory cortex. Behav Brain 
Res 135:147-158. 
Mechelli A, Henson RN, Price CJ, Friston KJ (2003) Comparing event-related 
and epoch analysis in blocked design fMRI. Neuroimage 18:806-810. 
Mesulam MM, Mufson EJ (1982) Insula of the old world monkey. III: Efferent 
cortical output and comments on function. J Comp NeuroI212:38-52. 
Meyer E, Ferguson SS, Zatorre RJ, Alivisatos B, Marrett S, Evans AC, Hakim AM 
(1991 ) Attention modulates somatosensory cerebral blood f10w response to 
vibrotactile stimulation as measured by positron emission tomography. Ann 
Neurol 29:440-443. 
Mohr C, Binkofski F, Erdmann C, Buchel C, Helmchen C (2005) The anterior 
cingulate cortex contains distinct areas dissociating external from self-
administered painful stimulation: a parametric fMRI study. Pain 114:347-357. 
Morrison l, Lloyd D, di PG, Roberts N (2004) Vicarious responses to pain in 
anterior cingulate cortex: is empathy a multisensory issue? Cogn Affect Behav 
Neurosci 4:270-278. 
Moulton EA, Keaser ML, Gullapalli RP, Greenspan JO (2005) Regional intensive 
and temporal patterns of functional MRI activation distinguishing noxious and 
innocuous contact heat. J Neurophysiol 93:2183-2193. 
Murray GM, Zhang Ha, Kaye AN, Sinnadurai T, Campbell OH, Rowe MJ (1992) 
Parallel processing in rabbit first (SI) and second (Sil) somatosensory cortical 
areas: effects of reversible inactivation by cooling of Sion responses in SIL J 
Neurophysiol 68:703-710. 
189 
Nair DR, Najm l, Bulacio J, Luders H (2001) Painful auras in focal epilepsy. 
Neurology 57:700-702. 
Nakamura Y, Paur R, Zimmermann R, Bromm B (2002) Attentional modulation of 
human pain processing in the secondary somatosensory cortex: a 
magnetoencephalographic study. Neurosci Lett 328:29-32. 
Nelson AJ, Staines WR, Graham SJ, Mcllroy WE (2004a) Activation in SI and Sil: 
the influence of vibrotactile amplitude during passive and task-relevant 
stimulation. Brain Res Cogn Brain Res 19:174-184. 
Nelson AJ, Staines WR, Mcllroy WE (2004b) Tactile stimulus predictability 
modulates activity in a tactile-motor cortical network. Exp Brain Res 154:22-32. 
Ogawa S, Lee TM (1990) Magnetic resonance imaging of blood vessels at high 
fields: in vivo and in vitro measurements and image simulation. Magn Reson Med 
16:9-18. 
Ogawa S, Lee TM, Nayak AS, Glynn P (1990) Oxygenation-sensitive contrast in 
magnetic resonance image of rodent brain at high magnetic fields. Magn Reson 
Med 14:68-78. 
Ogino Y, Nemoto H, Goto F (2005) Somatotopy in human primary 
somatosensory cortex in pain system. Anesthesiology 103:821-827. 
Olausson H, Charron J, Marchand S, Villemure C, Strigo lA, Bushnell MC (2005) 
Feelings of warmth correlate with neural activity in right anterior insular cortex. 
Neurosci Lett 389:1-5. 
Olausson H, Ha B, Duncan GH, Morin C, Ptito A, Ptito M, Marchand S, Bushnell 
MC (2001) Cortical activation by tactile and painful stimuli in hemispherectomized 
patients. Brain 124:916-927. 
Olausson H, Lamarre Y, Backlund H, Morin C, Wallin BG, Starck G, Ekholm S, 
Strigo l, Worsley K, Vallbo AB, Bushnell MC (2002) Unmyelinated tactile 
afferents signal touch and project to insular cortex. Nat Neurosci 5:900-904. 
Opsommer E, Weiss T, Plaghki L, Miltner WH (2001) Dipole analysis of ultralate 
(C-fibres) evoked potentials after laser stimulation of tiny cutaneous surface 
areas in humans. Neurosci Lett 298:41-44. 
Oshiro Y, Fuijita N, Tanaka H, Hirabuki N, Nakamura H, Yoshiya 1 (1998) 
Functional mapping of pain-related activation with echo-planar MRI: significance 
of the SII-insular region. Neuroreport 9:2285-2289. 
190 
Owen AM, McMillan KM, Laird AR, Bullmore E (2005) N-back working memory 
paradigm: a meta-analysis of normative functional neuroimaging studies. Hum 
Brain Mapp 25:46-59. 
Pasternak T, Greenlee MW (2005) Working memory in primate sensory systems. 
Nat Rev Neurosci 6:97-107. 
Pastor MA, Day BL, Macaluso E, Friston KJ, Frackowiak RS (2004) The 
functional neuroanatomy of temporal discrimination. J Neurosci 24:2585-2591. 
Pastor MA, Macaluso E, Day BL, Frackowiak RS (2006) The neural basis of 
temporal auditory discrimination. Neuroimage 30:512-520. 
Paulson PE, Minoshima S, Morrow T J, Casey KL (1998) Gender differences in 
pain perception and patterns of cerebral activation during noxious heat 
stimulation in humans. Pain 76:223-229. 
Paus T, Zatorre RJ, Hofle N, Caramanos Z, Gotman J, Petrides M, Evans AC 
(1997) Time-related changes in neural systems underlying attention and arousal 
during the performance of an auditory vigilance task. J Cogn Neurosci 9:392-408. 
Penfield W, Boldrey E (1937) Somatic motor and sensory representation in the 
cerebral cortex of man as studied by electrical stimulation. pp 389-443. 
Petit D, Lepore F, Picard N, Guillemot JP (1990) Bilateral receptive fields in 
cortical area Sil: contribution of the corpus callosum and other interhemispheric 
commissures. Somatosens Mot Res 7:97-112. 
Petrides M (2005) Lateral prefrontal cortex: architectonie and functional 
organization. Philos Trans R Soc Lond B Biol Sei 360:781-795. 
Petrovic P, Ingvar M, Stone-Elander S, Petersson KM, Hansson P (1999) A PET 
activation study of dynamic mechanical allodynia in patients with 
mononeuropathy. Pain 83:459-470. 
Petrovic P, Petersson KM, Ghatan PH, Stone-Elander S, Ingvar M (2000) Pain-
related cerebral activation is altered by a distracting cognitive task. Pain 85: 19-
30. 
Peyron R, Frot M, Schneider F, Garcia-Larrea L, Mertens P, Barral FG, Sindou 
M, Laurent B, Mauguiere F (2002) Role of operculoinsular cortices in human pain 
processing: converging evidence from PET, fMRI, dipole modeling, and 
intracerebral recordings of evoked potentials. Neuroimage 17:1336-1346. 
191 
Peyron R, Garcia-Larrea L, Gregoire MC, Costes N, Convers P, Lavenne F, 
Mauguiere F, Michel D, Laurent B (1999) Haemodynamic brain responses to 
acute pain in humans: sensory and attentional networks. Brain 122 ( Pt 9): 1765-
1780. 
Phan TG, Cascino GD, Fulgham J (2001) Ictal abdominal pain heralding parietal 
lobe haemorrhage. Seizure 10:56-59. 
Picard N, Strick PL (1996) Motor areas of the medial wall: a review of their 
location and functional activation. Cereb Cortex 6:342-353. 
Ploghaus A, Tracey 1, Clare S, Gati JS, Rawlins JN, Matthews PM (2000) 
Learning about pain: the neural substrate of the prediction error for aversive 
events. Proc Natl Acad Sci USA 97:9281-9286. 
Ploner M, Freund HJ, Schnitzler A (1999) Pain affect without pain sensation in a 
patient with a postcentrallesion. Pain 81 :211-214. 
Ploner M, Schmitz F, Freund HJ, Schnitzler A (2000) Differentiai organization of 
touch and pain in human primary somatosensory cortex. J Neurophysiol 83: 1770-
1776. 
Pons TP, Garraghty PE, Mishkin M (1992) Seriai and parallel processing of 
tactual information in somatosensory cortex of rhesus monkeys. J Neurophysiol 
68:518-527. 
Pons TP, Kaas JH (1986) Corticocortical connections of area 2 of somatosensory 
cortex in macaque monkeys: a correlative anatomical and electrophysiological 
study. J Comp NeuroI248:313-335. 
Poranen A, Hyvarinen J (1982) Effects of attention on multiunit responses to 
vibration in the somatosensory regions of the monkey's brain. 
Electroencephalogr Clin Neurophysiol 53:525-537. 
Porro CA, Baraldi P, Pagnoni G, Serafini M, Facchin P, Maieron M, Nichelli P 
(2002) Does anticipation of pain affect cortical nociceptive systems? J Neurosci 
22:3206-3214. 
Porro CA, Cettolo V, Francescato MP, Baraldi P (1998) Temporal and intensity 
coding of pain in human cortex. J NeurophysioI80:3312-3320. 
Potagas C, Avdelidis D, Singounas E, Missir 0, Aessopos A (1997) Episodic pain 
associated with a tumor in the parietal operculum: a case report and literature 
review. Pain 72:201-208. 
192 
Preston SD, de Waal FB (2002) Empathy: Its ultimate and proximate bases. 
Behav Brain Sci 25:1-20. 
Qiu Y, Inui K, Wang X, Nguyen BT, Tran TD, Kakigi R (2004) Effects of 
distraction on magnetoeneephalographic responses ascending through C-fibers 
in humans. Clin Neurophysiol 115:636-646. 
Qiu Y, Noguchi Y, Honda M, Nakata H, Tamura Y, Tanaka S, Sadato N, Wang X, 
Inui K, Kakigi R (2006) Brain proeessing of the signais ascending through 
unmyelinated C fibers in humans: an event-related functional magnetic 
resonanee imaging study. Cereb Cortex 16:1289-1295. 
Raij TT, Numminen J, Narvanen S, Hiltunen J, Hari R (2005) Brain correlates of 
subjective reality of physically and psychologically indueed pain. Proc Natl Acad 
Sci USA 102:2147-2151. 
Rainville P, Carrier B, Hofbauer RK, Bushnell MC, Duncan GH (1999a) 
Dissociation of sensory and affective dimensions of pain using hypnotic 
modulation. Pain 82:159-171. 
Rainville P, Doueet JC, Fortin MC, Duncan GH (2004) Rapid deterioration of pain 
sensory-discriminative information in short-term memory. Pain 110:605-615. 
Rainville P, Duncan GH, Priee DO, Carrier B, Bushnell MC (1997) Pain affect 
encoded in human anterior cingulate but not somatosensory cortex. Science 
277:968-971. 
Rainville P, Feine JS, Bushnell MC, Duncan GH (1992) A psychophysical 
comparison of sensory and affective responses to four modalities of experimental 
pain. Somatosens Mot Res 9:265-277. 
Rainville P, Hofbauer RK, Paus T, Duncan GH, Bushnell MC, Price DD (1999b) 
Cerebral mechanisms of hypnotic induction and suggestion. J Cogn Neurosci 
11:110-125. 
Ricciardi E, Bonino D, Gentili C, Sani L, Pietrini P, Vecchi T (2006) Neural 
correlates of spatial working memory in humans: a functional magnetic 
resonance imaging study comparing visual and tactile processes. Neuroscience 
139:339-349. 
Robinson CJ, Burton H (1980) Somatotopographic organization in the second 
somatosensory area of M. fascicularis. J Comp NeuroI192:43-67. 
193 
Robinson PA, Drysdale PM, Van der MH, Kyriakou E, Rigozzi MK, Germanoska 
B, Rennie CJ (2006) BOLD responses to stimuli: dependence on frequency, 
stimulus form, amplitude, and repetition rate. Neuroimage 31 :585-599. 
Roland P (1992) Cortical representation of pain. Trends Neurosci 15:3-5. 
Romo R, Brady CD, Hernandez A, Lemus L (1999) Neuronal correlates of 
parametric working memory in the prefrontal cortex. Nature 399:470-473. 
Romo R, Salinas E (2003) Flutter discrimination: neural codes, perception, 
memory and decision making. Nat Rev Neurosci 4:203-218. 
Rosen G, Hugdahl K, Ersland L, Lundervold A, Smievoll AI, Barndon R, 
Sundberg H, Thomsen T, Roscher BE, Tjolsen A, Engelsen B (2001) Different 
brain areas activated during imagery of painful and non-painful 'finger 
movements' in a subject with an amputated arm. Neurocase 7:255-260. 
Rosen SD, Paulesu E, Frith CD, Frackowiak RS, Davies GJ, Jones T, Camici PG 
(1994) Central nervous pathways mediating angina pectoris. Lancet 344:147-
150. 
Sakata H (2003) The role of parietal cortex in grasping. In: Advances in 
Neurology: The Parietal Lobes (Siegel AM, Andersen RA, Freund H-J, Spencer 
DO, eds), pp 121-139. Philadelphia, PA, USA: Lippincott Williams & Wilkins. 
Salinas E, Hernandez A, Zainos A, Romo R (2000) Periodicity and firing rate as 
candidate neural codes for the frequency of vibrotactile stimuli. J Neurosci 
20:5503-5515. 
Sawamoto N, Honda M, Okada T, Hanakawa T, Kanda M, Fukuyama H, Konishi 
J, Shibasaki H (2000) Expectation of pain enhances responses to nonpainful 
somatosensory stimulation in the anterior cingulate cortex and parietal 
operculum/posterior insula: an event-related functional magnetic resonance 
imaging study. J Neurosci 20:7438-7445. 
Schlereth T, Baumgartner U, Magerl W, Stoeter P, Treede RD (2003) Left-
hemisphere dominance in early nociceptive processing in the human parasylvian 
cortex. Neuroimage 20:441-454. 
Schnitzler A, Salmelin R, Salenius S, Jousmaki V, Hari R (1995) Tactile 
information from the human hand reaches the ipsilateral primary somatosensory 
cortex. Neurosci Lett 200:25-28. 
194 
Schulz-Stubner S, Krings T, Meister IG, Rex S, Thron A, Rossaint R (2004) 
Clinical hypnosis modulates functional magnetic resonance imaging signal 
intensities and pain perception in a thermal stimulation paradigm. Reg Anesth 
Pain Med 29:549-556. 
Seitz RJ, Roland PE (1992) Vibratory stimulation increases and decreases the 
regional cerebral blood f10w and oxidative metabolism: a positron emission 
tomography (PET) study. Acta Neurol Scand 86:60-67. 
Shmuel A, Augath M, Oeltermann A, Logothetis NK (2006) Negative functional 
MRI response correlates with decreases in neuronal activity in monkey visu al 
area V1. Nat Neurosci 9:569-577. 
Siegel AM, Williamson PD (2000) Parietal lobe epilepsy. Adv Neurol84:189-199. 
Silverman OH, Munakata JA, Ennes H, Mandelkern MA, Hoh CK, Mayer EA 
(1997) Regional cerebral activity in normal and pathological perception of visceral 
pain. Gastroenterology 112:64-72. 
Simons JS, Scholvinck ML, Gilbert SJ, Frith CD, Burgess PW (2006) Differentiai 
components of prospective memory? Evidence from fMRI. Neuropsychologia 
44:1388-1397. 
Sinclair RJ, Burton H (1993) Neuronal activity in the second somatosensory 
cortex of monkeys (Macaca mulatta) during active touch of gratings. J 
NeurophysioI70:331-350. 
Singer T, Seymour B, O'Doherty J, Kaube H, Dolan RJ, Frith CD (2004) Empathy 
for pain involves the affective but not sensory components of pain. Science 
303:1157-1162. 
Smith SM, Beckmann CF, Ramnani N, Woolrich MW, Bannister PR, Jenkinson 
M, Matthews PM, McGonigle DJ (2005) Variability in fMRI: a re-examination of 
inter-session differences. Hum Brain Mapp 24:248-257. 
Soria ED, Fine EJ (1991) Disappearance ofthalamic pain after parietal 
subcortical stroke. Pain 44:285-288. 
Soros P, Knecht S, Imai T, Gurtler S, Lutkenhoner B, Ringelstein EB, 
Henningsen H (1999) Cortical asymmetries of the human somatosensory hand 
representation in right- and left-handers. Neurosci Lett 271 :89-92. 
195 
Staines WR, Graham SJ, Black SE, Mcllroy WE (2002) Task-relevant modulation 
of contralateral and ipsilateral primary somatosensory cortex and the role of a 
prefrontal-cortical sensory gating system. Neuroimage 15:190-199. 
Stea RA, Apkarian AV (1992) Pain and somatosensory activation. Trends 
Neurosci 15:250-253. 
Stevens RT, London SM, Apkarian AV (1993) Spinothalamocortical projections to 
the secondary somatosensory cortex (Sil) in squirrel monkey. Brain Res 
631 :241-246. 
Strigo lA, Duncan GH, Boivin M, Bushnell MC (2003) Differentiation of visceral 
and cutaneous pain in the human brain. J Neurophysiol 89:3294-3303. 
Svensson P, Minoshima S, Beydoun A, Morrow T J, Casey Kl (1997) Cerebral 
processing of acute skin and muscle pain in humans. J Neurophysiol 78:450-460. 
Taddio A, Goldbach M, Ipp M, Stevens B, Koren G (1995) Effect of neonatal 
circumcision on pain responses during vaccination in boys. lancet 345:291-292. 
Talairach J, Tournoux P (1988) Co-planar stereotaxie atlas of the human brain 3-
dimensional proportional system: an approach to cerebral imaging. Stuttgart. 
Talbot JO, Marrett S, Evans AC, Meyer E, Bushnell MC, Duncan GH (1991) 
Multiple representations of pain in human cerebral cortex. Science 251: 1355-
1358. 
Timmermann l, Ploner M, Haucke K, Schmitz F, Baltissen R, Schnitzler A (2001) 
Differentiai coding of pain intensity in the human primary and secondary 
somatosensory cortex. J NeurophysioI86:1499-1503. 
Tolle TR, Kaufmann T, Siessmeier T, lautenbacher S, Berthele A, Munz F, 
Zieglgansberger W, Willoch F, Schwaiger M, Conrad B, Bartenstein P (1999) 
Region-specifie encoding of sensory and affective components of pain in the 
human brain: a positron emission tomography correlation analysis. Ann Neurol 
45:40-47. 
Tommerdahl M, Delemos KA, Vierck CJ, Jr., Favorov OV, Whitsel Bl (1996) 
Anterior parietal cortical response to tactile and skin-heating stimuli applied to the 
same skin site. J Neurophysiol 75:2662-2670. 
Tommerdahl M, Simons SB, Chiu JS, Favorov 0, Whitsel B (2005b) Response of 
SI cortex to ipsilateral, contralateral and bilateral flutter stimulation in the cat. 
BMC Neurosci 6:29. 
196 
Tommerdahl M, Simons SB, Chiu JS, Favorov 0, Whitsel B (2005a) Response of 
SI cortex to ipsilateral, contralateral and bilateral flutter stimulation in the cat. 
BMC Neurosci 6:29. 
Tommerdahl M, Simons SB, Chiu JS, Tannan V, Favorov 0, Whitsel B (2005c) 
Response of 511 cortex to ipsilateral, contralateral and bilateral flutter stimulation 
in the cat. BMC Neurosci 6: 11. 
Torquati K, Pizzella V, Della PS, Franciotti R, Babiloni C, Rossini PM, Romani GL 
(2002) Comparison between SI and 511 responses as a function of stimulus 
intensity. Neuroreport 13:813-819. 
Tracey l, Beeerra L, Chang l, Breiter H, Jenkins L, Borsook D, Gonzalez RG 
(2000) Noxious hot and cold stimulation produce common patterns of brain 
activation in humans: a functional magnetic resonance imaging study. Neurosci 
Lett 288:159-162. 
Tran TD, Inui K, Hoshiyama M, Lam K, Qiu Y, Kakigi R (2002) Cerebral activation 
by the signais ascending through unmyelinated C-fibers in humans: a 
magnetoencephalographic study. Neuroscienee 113:375-386. 
Treede RD, Apkarian AV, Bromm B, Greenspan JD, Lenz FA (2000) Cortical 
representation of pain: functional characterization of nocieeptive areas near the 
lateral sulcus. Pain 87:113-119. 
Valeriani M, Le PD, Niddam D, rendt-Nielsen L, Chen AC (2000) Dipolar source 
modeling of somatosensory evoked potentials to painful and nonpainful median 
nerve stimulation. Muscle Nerve 23:1194-1203. 
Valet M, Sprenger T, Boecker H, Willoch F, Rummeny E, Conrad B, Erhard P, 
Tolle TR (2004) Distraction modulates connectivity of the cingulo-frontal cortex 
and the midbrain during pain-an fMRI analysis. Pain 109:399-408. 
Van de Winckel A., Sunaert S, Wenderoth N, Peeters R, Van HP, Feys H, 
Horemans E, Marchal G, Swinnen SP, Perfetti C, De WW (2005) Passive 
somatosensory discrimination tasks in healthy volunteers: differential networks 
involved in familiar versus unfamiliar shape and length discrimination. 
Neuroimage 26:441-453. 
Verne GN, Himes NC, Robinson ME, Gopinath KS, Briggs RW, Crosson B, Priee 
DD (2003) Central representation of visceral and cutaneous hypersensitivity in 
the irritable bowel syndrome. Pain 103:99-110. 
197 
Verrillo RT, Bolanowski SJ (2003) Effects of temperature on the subjective 
magnitude of vibration. Somatosens Mot Res 20:133-137. 
Vincent DJ, Bloomer CJ, Hinson VK, Bergmann KJ (2006) The range of motor 
activation in the normal human cortex using bold FM RI. Brain Topogr 18:273-
280. 
Vogt BA, Sikes RW, Vogt LJ (1993) Anterior cingulate cortex and the medial pain 
system. In: Neurobiology of cingulate cortex and limbic thalamus: a 
comprehensive handbook (Vogt BA, Gabriel M, eds), pp 313-344. Boston: 
Birkhauser. 
Wager TD, Rilling JK, Smith EE, Sokolik A, Casey Kl, Davidson RJ, Kosslyn SM, 
Rose RM, Cohen JD (2004) Placebo-induced changes in FM RI in the anticipation 
and experience of pain. Science 303:1162-1167. 
Weiller C, May A, Limmroth V, Juptner M, Kaube H, Schayck RV, Coenen HH, 
Diener HC (1995) Brain stem activation in'spontaneous human migraine attacks. 
Nat Med 1:658-660. 
Whitsel Bl, Petrucelli lM, Werner G (1969) Symmetry and connectivity in the 
map of the body surface in somatosensory area Il of primates. J Neurophysiol 
32: 170-183. 
Wise RG, Rogers R, Painter D, Bantick S, Ploghaus A, Williams P, Rapeport G, 
Tracey 1 (2002) Combining fMRI with a pharmacokinetic model to determine 
which brain areas activated by painful stimulation are specifically modulated by 
remifentanil. Neuroimage 16:999-1014. 
Witting N, Kupers RC, Svensson P, rendt-Nielsen l, Gjedde A, Jensen TS (2001) 
Experimental brush-evoked allodynia activates posterior parietal cortex. 
Neurology 57:1817-1824. 
Woolf CJ, Salter MW (2000) Neuronal plasticity: increasing the gain in pain. 
Science 288:1765-1769. 
Xu X, Fukuyama H, Yazawa S, Mima T, Hanakawa T, Magata Y, Kanda M, 
Fujiwara N, Shindo K, Nagamine T, Shibasaki H (1997) Functionallocalization of 
pain perception in the human brain studied by PET. Neuroreport 8:555-559. 
Youell PD, Wise RG, Bentley DE, Dickinson MR, King TA, Tracey l, Jones AK 
(2004) lateralisation of nociceptive processing in the human brain: a functional 
magnetic resonance imaging study. Neuroimage 23:1068-1077. 
198 
Young GB, Blume WT (1983) Painful epileptic seizures. Brain 106 (Pt 3):537-
554. 
Zhang HQ, Murray GM, Coleman GT, Turman AB, Zhang SP, Rowe MJ (2001) 
Funclional characteristies of the parallel SI- and SII-projecting neurons of the 
thalamic ventral posterior nucleus in the marmoset. J Neurophysiol 85: 1805-
1822. 
Zhang M, Mariola E, Stilla R, Stoesz M, Mao H, Hu X, Sathian K (2005) Tactile 
discrimination of grating orientation: fMRI activation patterns. Hum Brain Mapp 
25:370-377. 
Zhou YO, Fuster JM (1996) Mnemonic neuronal activity in somatosensory cortex. 
Proc Natl Acad Sci USA 93:10533-10537. 
Zilles K, Palomero-Gallagher N (2001) Cyto-, myelo-, and receptor architectonies 





Is There a RaIe for the Parietal Lobes 
in the Perception of Pain? 
Gary H. Duncan* and Marie-Claire Albaneset 
Departments of Neurology and Neurosurgery* and Physiologyt, Montreal Neurological Institute, 
McGill University, Montreal, Quebec, Canada;*Faculté de Médecin Dentaire, Centre de Recherche en 
Sciences Neurologiques, Université de Montréal, Montréal, Quebec, Canada 
INTRODUCTION 
The parietal cortex remains one of the least 
successfully explored cytoarchitectonic re-
gions of the human cerebral cortex (1), and its 
exact role in the conscious experience of pain 
is still an ongoing debate (2-6). The parietal 
lobe,demflIcated anteriorly by the central sul-
cus and posteriorly by the, parieto-occipital 
fissure (7), is described by Brodmann as com-
prising the postcentral and parietal regions 
(8). Within the parietal lobe, three functional 
subregions have been recognized for their 
complementary roles in the processing of in-
nocuous somatosensory stimuli: the primary 
somatosensory cortex (SI) within Brodmann 
areas (BA) 3, l, and 2 of the postcentral re-
gion; the secondary somatosensory cortex 
(SIl), generally considered to occupy BA 43 
in the parietal operculum; and the posterior 
parietal region-especially BA 5 (Chapters 7 
and 8). In contrast to the wealth of evidence 
demonstrating the importance of these re-
gions in the processing of innocuous stimuli, 
little consensus exists conceming their possi-
ble roles in the human perception of pain. 
Undoubtedly, the major reason for this dif-
ficulty in elucidating cerebral mechanisms of 
pain-parietal or otherwise-is the complex 
nature of pain perception, itself. The charac-
terization of "pain" has been a puzzle for gen-
erations o{ scholars and scientists and has 
ranged from the Aristotelean concept of pain 
as an emotion, apart from the senses, to the re-
cent emphasis on pain as an interoceptive sig-
nal for maintaining homeostasis (9). Through-
out much of the 20th century, however, pain 
has been recognized as a multidimensional 
phenomenon, rather than a single emotion or 
simple sensation. Certainly, an emotional 
component of pain perception is a key factor 
that facilitates the motivation and Iearning 
that helps an organism avoid noxious, tissue-
damaging stimuli. Likewise, monitoring the 
intensity and location of noxious stimuli is an 
important factor in the sensorimotor integra-
tion required to plan and execute avoidance 
and escape responses. However, although the 
processing of sensory aspects of nociceptive 
information by the somatosensory cortices is 
an intuitively compelling proposition, experi-
mental and clinical data have not always 
yielded convincing evidence. 
In this chapter we present a brief review of 
the literature that has contributed to our cur-
rent ideas regarding the role of the parietal 
lobes in human pain perception. Although 
much supporting evidence has been derived 
from anatomic and neurophysiologic studies 
conducted in nonhuman primates and other 
animaIs, the emphasis of this chapter is on hu-
man research, from the early studies of brain 
Iesions in patients to recent neuroimaging 
studies in patients and normal volunteers. 
LESIONS AND ELECTRICAL 
STIMULATION OF THE PARIETAL 
CORTEX 
Observation of sensory and behavioral se-
quelae in patients with cortical wounds, surgi-
cal resections, and epilepsy shaped early con-
cepts concerning the possible role ascribed to 
the human cerebral cortex in the experience of 
pain. At the beginning of the 20th century, ini-
tial studies of"faradic" (electrical) stimulation· 
of the human cortex established that stimulat-
ing the postcentral region elicited tactile sen-
sations, but not pain (10). The conscious expe-
rience of pain was thought to occur at the 
thalamic level (11), with "little if any cortical 
representation" (12). By the middle of the 20th 
century, an opposing view began to emerge 
when J. Marshall (13) presented several cases 
involving soldiers with superficial wounds in-
volving the parietal cortex, who suffered from 
either an impairment of pain or temperature 
sense. Thus, he conc1uded that the cortex is 
needed for an appreciation of pain and that 
. small, but not large, lesions seemedto inter-
fere with pain'- perception. Similarly, Lewin 
and Phillips (14) found that electrical stimula-
tion of the postcentral gyms in patients suffer-
ing from phantom limb pain, elicited a sensa-
tion of spontaneous pain. They conc1uded, 
however, that in normal uninjured individuals, 
a conscious appreciation of painful peripheral 
stimuli did not necessarily involve the primary 
somatosensory cortex. Although the se early 
lesion and cortical stimulation studies are 
seminal in their importance, their results are 
not easily compared or interpreted. The exact 
localization of the lesion or resected cortical 
area is not easily determined. Moreover, c1ini-
cians and researchers without a full apprecia-
tion of the complex nature of pain may not ask 
the appropriate questions, and their patients' 
responses may not reflect a upiform compo-
nent of the perceptual experienee. 
More recent case studies have contributed 
additional evidence regarding the involvement 
of the parietal lobes in pain perception. Soria 
and Fine (15) described a patient with hyper-
pathic pain in the right arm and a right 
hemisensory syndrome consequent to a lacu-
nar infarct in the left thalamus. This chronic 
pain condition disappeared following a second 
cerebrovascular accident, which damaged the 
subcortical parietal white matter of the left 
corona radiata, further interrupting thalam-
oparietal connections. In 1997, Potagas and 
colleagues (16) described the case of a young 
woman who developed episodic pain in her 
right arm caused by a subcortical tumor in the 
left parietal operculum; the pain resolved fol-
lowing surgical excision of the glioma. These 
two studies suggest that the interruption of 
normal communication between thalamus and 
the parietal lob~ither from the tumor-re-
lated compression of thalamoparietal fibers 
(16) or damage to the thalamus itself (15}-
can be a causative factor in the development of 
chronic pain. These studies also illustrate the 
complex nature of central pain syndromes-in 
one case chronic pain is relieved when thala-
moparietal communication is restored by re-
moval of the tumor (16), whereas in the other 
chronic pain disappears on further disruption 
of the thalamoparietal communication (15). 
Lesion studies that incorpotate psy-
chophysical methods to assess the patients' 
responses to noxious stimuli shed additional 
light on the role of the parietal lobes in nor-
mal pain perception. Greenspan and Winfield 
described a patient with a tumor located near 
the most posterior portion of the insula and 
parietal operculum (17). Psychophysical test-
ing before any surgi cal intervention revealed 
deficits in both pain and tactile perception 
similar to those described by Bassetti et al. as 
a pseudo-thalamic sensory syndrome (18); 
following surgi cal removal of the tumor, the 
patient's perceptual capacities returned to nor-
mal, suggesting to the authors that SIl and the 
posterior insular region are essential for nor-
mal pain and tactile perception (17). In a more 
recent report, Ploner and colleagues (19) de-
scribed a patient who had suffered a selective 
1 
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ischemic lesion involving the right postcentral 
gyrus and parietal operculum, encompassing 
the hand area of SI and SIl somatosensory 
cortices. The patient's symptoms included hy-
pesthesia as well as anesthesia of the left hand 
and arm such that innocuous thermal stimuli 
did not evoke any sensation. Although unable 
to describe the quality, location, or intensity 
of either warm or painful stimuli presented to 
the anesthetic limb, the patient complained of 
a "clearly unpleasant" feeling that he wanted 
to avoid in response to noxious levels of stim-
ulation. This selective impairment of the sen-
sory-discriminative aspects of pain sensation, 
associated with a restricted lesion within cor-
tical somatosensory areas, suggests a special-
ization of nociceptive processing within these 
anterior regions of the parietal lobe. These 
findings are consistent with the segregation of 
pain pathways, proposed by Albe-Fessard 
., 
(20), into a lateral, sensory-discriminative 
pain system, composed of the lateral thalamic 
nuclei, SI and SIl (21),.. and a medial motiva-
tional-affective pain system, composed of the 
medial thalamic nuclei and of the anterior cin-
gulate gyrus (22). 
Supporting this division of nociceptive pro-
cessÏJi1g, Greenspan and colleagues (23) re-
cently assessed six patients suffering from uni-
lateral lesions to the parietal operculuin or 
insula. In these patients, impairments in pain 
threshold (decreased ability to identify noxious 
stimuli as painful) were associated only with 
lesions of the contralateral posterior parietal 
operculum, whereas disturbances in motiva-
tional and affective responses to noxious s~­
uli (as indicated by a cold pain tolerance test) 
were associated with lesions of the insula. Al-
though these studies lend support to the notion 
of a critical role for the parietal lobes in pain 
perception, their implications are limited by 
problems inherent in human lesion data; for ex-
ample, difficulty in determining the precise de;. 
lineation of the cortical lesions, possible dam-
age to fibers of passage altering the function of 
distant regions, and the problematic situation 
of predicting normal cortical function based on 
abnormal and possibly compensatory behavior 
observed consequent to cortical damage. 
PARIETAL LOBE EPILEPSY 
In the 20th century, the study of patients in-
flicted with epilepsy was one of the more fruit-
fuI approaches to investigating human cerebral 
function (12). Physicians came to understand 
that the natural progression of an epileptic 
seizure presented a potential portal through 
which one could observe the behavioral and 
sensory consequences of regional cerebral ac-
tivation. From the patient's realization of the 
initial aura, to the onset of the seizure itself, a 
stereotypical pattern of perceptions emerges 
from the abnormal (but naturally occurring) 
focus of neuronal hyperactivity-the epilepto-
genic focus. The precise region of cerebral cor-
tex associated with the patient's particular per-
ceptual symptom could be approximated 
anatomically by localizing the brain tumor, the 
most common etiology for parietal lobe 
epilepsy (see Chapter 21), or by directly 
recording neuronal activity from the epilepto-
genic focus. Likewise, direct electrical stimu-
lation, in the awake patient, of the cortex 
around the epileptogenic region (as a prelimi-
nary phase of surgical excision), provided a 
wealth of information regarding perceptual, 
behavioral, and emotional consequences of ac-
tivating (albeit in an artificial fashion) selected 
regions of cerebral cortex. 
In general, the perception of pain is an ex-
tremely rare consequence of seizure activity, 
or of electrical stimulation of the cerebral cor-
tex (12), as cited-suggesting to early re-
searchers that pain perception was likely a 
subcortical function. However, although less 
than 3% all epileptic patients suffer from ictal 
pain (24,25), the proportion is remarkably 
greater-23.6o/o--when considering patients 
specifically diagnosed with parietal epilepsy 
(26). In addition, painful somatosensory 
auras, preceding parietal lobe seizures, are 
manifest contralateral to the epileptic hemi-
sphere in perirolandic parietal epilepsy (27), 
but not consistently in temporal lobe epilepsy 
(25). Nair and colleagues suggested that these 
painful auras more likely originate in SI rather 
than SIl (where receptive fields are generally 
found to be larger and often bilateral), and 
concluded that the effectiveness of focal cor-
tical resections in reducing both auraI and ic-
tal somatosensory pain argues for a cortical 
representation of pain (27). 
The perception of pain during seizures (ic-
tal pain) has been recognized for over a cen-
tury (24). The most prevalent type ofpain is a 
burning dysesthesia that is localized to the ab-
domen or to part or aIl of the contralateral 
hemibody. A recent case report described ictal 
abdominal pain in a patient suffering from 
simple partial seizures associated with an 
acute hemorrhage in the right precentral and 
postcentral gyrus (28). The authors concluded 
that the ictal pain was likely mediated by SI, 
because the hemorrhage was far from SIl, an-
terior cingulate cortex (ACC), and insula. 
Moreover, the patient did not have a "psy-
chic" aura (e.g., fear), usually associated with 
posterior parietal lobe seizures (28). 
Although infonnation gleaned from 'case 
histories of epilepsy suggests a critical role 
for the parietal lobes in the perception of pain, 
one must remain aware of the limitations of 
such research. The perceptions described by 
patients resulting from the auraI or ictal phase 
of a seizure, as weIl as those resulting from 
electrical stimulation of the cortex nea, an 
epileptic focus, may refl~ct how the brain ad-
justs to a pathologic condition rather than how 
the brain nonnally functions. The intricate or-
ganization of the cerebral cortex in general, 
and the potential interaction of the many re-
gions of the cortex-especially in processing 
the multifaceted aspects of nociceptive behav-
ior-suggest that spatial summation of elec-
trical or ictal stimulation is not necessarily the 
nonnal manner in which the brain processes 
nociceptive infonnation. 
BRAIN IMAGING STUDIES OF PAIN 
PERCEPTION 
Modem brain imaging has added an impor-
tant perspective to the field of pain research, 
allowing an opportunity to investigate possi-
ble cerebral mechanisms of pam in awake 
nonnal subjects by recording simultaneously 
across the entire brain changes in function re-
lated to the presentation of noxious stimuli. 
The closing years of the 20th century saw re-
finements in brain imaging techniques such 
as positron emission tomography (PET), 
functional magnetic resonance imaging 
(tMRI), electroencephalographic (EEG) di-
pole source analysis, magnetoencephalogra-
phy (MEG), and singlé-photon emission com-
puted tomography (SPECT). Each of these 
techniques has advantages and disadvantages 
in tenns of spatial and temporal resolution, 
sensitivity, and cost. However, aIl provide 
measures that can be used as indirect indices 
of neuronal activity. 
With improvements in spatial and tempo-
ral resolution, as weIl as in statistical sensi-
tivity, most recent imaging studies have de-
scribed a growing list of cortical and 
subcortical sites activated by noxious stim-
uli, although the most commonly observed 
sites continue to inc1ude the ACC, the insu-
lar cortex (IC), and the somatosens9ry cor-
tices (SI and SIl) of the .parietal lobes 
(29,30). Interestingly, it has been activation 
within the parietal lobes that has been the 
most controversial finding in pain imaging 
studies. The present chapter concentrates on 
this research and the growing evidence that 
parietal lobe function plays in important role 
in sensory discriminative aspects of human 
pain perception. 
Anterior Parietal Function and Pain 
Perception 
The first three modem brain imaging stud-
ies of pain, published in the early 1990s, pro-
duced vastly different results in tenns of SI 
cortex. U sing PET and repeated 5-second heat 
stimuli presented to six spots on the arm, our 
laboratory reported a significant activation 
focus in SI cortex contralateral to the stimu-
lated arm (31). U sing similar heat stimuli, but 
repetitively presented to a single spot on the 
dorsal hand, Jones et al. (32) failed to observe 
significant activation in SI cortex. FinaIly, us-
ing SPECT, Apkarian et al. (33) found that 
submerging the fingers in hot water for 3 min-
utes led to a decrease in SI activity. 
Jones and colleagues (34,35) postulated 
that attentional factors, rather than painful 
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stimuli, produced the SI activation observed 
by Talbot, et al. Although recent studies sup-
port the idea that attention can significantly 
modulate pain-evoked SI activity, little evi-
dence supports the premise that pain is not a 
major determinant of SI activity during 
painful stimulation. 
Table 5-1 shows the methods and results of 
a number of human brain imaging studies of 
pain, using PET, SPECT, fMRI, and MEG. 
Sorne studies involving noxious thermal, 
chemical, or electrical stimulation reveal SI 
activation, whereas others using similar stim-
ulfdo not. Factors that may cohtribute to these 
differential results include: (a) influences of 
cognitive modulation in SI activity; and (b) a 
possible combination of excitatory and in-
hibitory effects of nociceptive input to SI. 
Cognitive Modulation of Primary 
Somatosensory Cortex Activity 
SI pain-related activation is highly modu-
lated by coWlÏtive factors that alter pain per-
ception, including attention and previous ex-
perience. In our laboratory, we have shown 
that when the subject's attention is directed 
away ftom a painful stimulus, the activity of 
SI cortex is dramatically reduced (6,36). Sub-
jects were presented concurrent sequences of 
tones and contact heat stimuli and were re-
quired to discriminate, during separate PET 
scans, changes in either thermal intensity or 
auditory frequency. The subjects' ratings of 
pain intensity were higher in the thermal than 
the auditory task (p = 0.01), indicating that 
pain perception was modulated by the atten-
tional demands of the discrimination tasks. 
Likewise, pain-evoked rCBF was signifi-
cantly larger in the thermal than in the audi-
tory task (p < 0.01). A similar result was re-
cently obtained in another PET study in which 
attention to a computerized perceptual maze 
test reduced pain-related activation in con-
tralateral SI, as weIl as in bilateral SIl, ACC, 
and midinsula (37). 
Other data from our laboratory also indi-
cate that attention to sensory aspects of the 
pain experience can alter SI ~ctivity. Using 
hypnosis, we found that suggestions specifi-
cally directed toward changing the perceived 
intensity of pain evoked by a noxious stimu-
lus significantly modulated pain-related ac-
tivity in SI (38). In contrast, suggestions di-
rected toward changing the unp/easantness of 
the pain (39) had no efIect on pain-related ac-
tivity in SI, but produced instead a robust 
modulation of activity in anterior cingulate 
cortex directly correlated with the subjects' 
perception ofunpleasantness (p = 0.005). 
In these hypnosis experiments (38,39), we 
also found evidence that experience with the 
hypnotic suggestions may have produced 
long-term changes in the subjects' neural pro-
cessing of pain. At least a week before partic-
ipating in a PET scanning session, all subjects 
received the same hypnotic induction, sugges-
tions, and painful stimuli that were to be used 
during the scanning experiment. In subse-
quent PET sessions, control scans performed 
be/ore the subjects underwent hypnotic induc-
tion indicated that those previously trained to 
attend to the intensity of the painful stimuli 
showed substantially greater pain-related ac- . 
tivity in SI than did those who had been 
trained to attend to the unpleasantness of 
sthose stimuli (38) (t = 5.05) (39) (t = 3.01). 
Attentional modulation within SI cortex is 
not restricted to pain-related activity. Other in-
vestig~tors have found that rCBF in SI, evoked 
by tactile stimuli, is reduced when subjects at-
tend to another stimulus modality (40). Simi-
larly, neuronal recordings in SI cortex of 
trained monkeys revea1low-threshold neurons 
whose activity is enhanced by attention to the 
tactile stimulus (41,42). Despite the extensive 
nature of attentional modulation of SI activity, 
there is little evidence that attention activates 
SI neurons without the concurrent presence of 
sensory-evoked activation. 
Inhibitory Effects of Noxious Stimuli in 
Primary Somatosensory Cortex Activity 
Tommerdahl et al. (43) found in monkey SI 
cortex that the presence of noxious heat re-
duced the intrinsic optical-imaging signal 
evoked by low threshold mechanical stimula-
tion of the skin. These data are consistent with 
the findings of Apkarian et al. (33), which 
TABLE 5-1. Human Brain Imaging Studies of Pain: Anterior Parietal Activation 
Posterior 
Stimulation Stimulated parietal 
Study Modality Subjects n device Stimulation area SI Sil cortex 
Talbot et al., 1991 (31) PET H2150 Healthy 8 Thermocle 1 cm2 42°C, 47°C-48°C Right volar Yes, contra Yes, contra No 
forearm 
Jones et al., 1991(32) PET 15C02 Healthy 6 Thermode 36.1 oC, 41.3°C, Dorsum of No No No 
2.5 x 5.0 cm and 46.4°C right hand 
Apkarian et al., SPECT Healthy 3 Water bath Moclerate heat Fingers of Inhib, contra No No 
1992 (33) pain left hand 
Crawford et al., 1993 PET 133Xn Healthy 11 Tourniquet and Ischemie pain Both arms Yes, contra No No 
(76) ( hypnosis 
Casey et al., 1994 (77) PET H2150 Healthy 18 Thermode 254 mm2 40°C, 50°C Left volar forearm Yes, contra Yes, bilat No 
(six sites) 
Coghill et a!.,1994 (55) PET H2150 Healthy 9 Thermode 1 cm2 34°C, 47°C-48°C Left nondominant Yes, contra Yes, contra No 
forearm 
Derbyshire et al., PET H215O. Healthy 6 Thermode Ramp 25°C-43°C Dorsum of No No No 
1994 (78) right hand 
Facial pain 6 
Di Piero et al., 1994 SPETl33Xn Healthy 7 Water bath O°C ± 1°C Left hand Yes, contra No No 
(79) 
~ Casey et al., 1996 (85) PET H2150 Healthy 27 Thermode 254 mm2 40°C,50°C Left nondominant NS, contra Yes, contra No arm 
20"C,6°C Yes, contra No No 
Hsieh et al., 1996 (86) PET [150] Cluster 7 Sublingual 1 mg Head pain No No No 
butanol headache nitroglycerin 
Andersson et al., PET H2150 Healthy 6 Intracutaneous 1 % capsaicin in Dorsum of Yes, contra NS No 
1997 (71) injection of a volume of right hand 
capsaicin 10 L of vehicle 
Dorsum of right Yes, contra NS No' 
foot 
Antognini et al., 1997 fMRI Healthy 5 Electrical stimulator 10-30 mA Right index finger Yes, contra Yes, bilat No 
(87) 
Aziz et al., 1997 (88) PET H2150 Healthy 8 2-cm long silicone Painful Lower esophagus Yes, bilat· No No 
balloon inflation stimulation 
Derbyshire et al., PET H2150 Healthy 12 C021aser Painful Dorsum of Yes, contra No Yes, bilat 
1997 (89) stimulation right hand BA 
39/40 
Di Piero et al., 1997 SPETl33Xn Healthy 12 Water bath (cold lce water Immersion of one Yes, contra No No 
(90) pressor water test) hand 
Cluster 7 
headache 
Rainville et al., 1997 PET H215Q Healthy 11 Water bath 35°C, 47°C Passive Yes, contra Yes, contra No 




Rosen et aL, 1994 (80) PET H215Q Anglna pectoris 12 Dobutamine infusion 10 g/kg-1 Che~pain No No No 
(angina) 
Hsieh et aL, 1995 (66) PET [1501 Mono- 8 None Spontaneous Pain in lower No No Yes, bilat 
butanol neuropathy pain extremity BA 7/40 
Hsieh et aL, 1995 (65) PET [1501 Healthy 4 Intracutaneous Ethanol (20 l, Lateral right Yes, bilat No Yes, bilat 
butanol injection 70%) upperarm BA 
39/40 
Davis et al., 1995 (81) fmRI Healthy 9 Electrlcal nerve Pain stimulation Right median Yes, contra No No 
stimùlator nerve 
Weiller et aL, 1995 (82) PET H215Q Migraine 9 None Spontaneous Head pain No No No 
patients migraine 
Howland et al., 1995 MEG Healthy 5 Electric Voltage adjusted Digit 5 of Yes, bilat Yes, bilat No 
(83) intracutaneous to produce nondominant 
stimulation pain 4/10 hand 
Kitamura et aL, MEG Healthy 5 Electric 2-4mA:weak Right digit 2 Yes, contra No No 
1995 (59) transcutaneous 
stimulation 
5-7 mA: Yes, contra Yes, bilat No 
moderately 
pain 
10-13 mA: very Yes, contra Yes, bilat No 
painful 
Craig et aL, 1996 (84) PET H215Q Healthy 11 Thermal grill Alternating bars Palmar surface Yes, contra Yes, contra No 
'-1 of 20°C and of right hand JI 
40°C 
Silverman et al., 1997 PET H215Q Healthy 12 Latex balloon 20 mm Hg Rectum No No No 
(91) catheter 
40 mm Hg 
Svensson et al., PET H215Q Healthy 11 Cutaneous CQ2 0.5 Hz left forearm No Yes, contra No 
1997 (92) laser (79 mm2) 
Intramuscular 50-s square-wave Brachloradlalis NS, contra Yes, contra No 
electrical pulse at muscle of left 
stimulator frequency nondominant 
20 Hz forearm 
Xu et aL, 1997 (93) PET H2150 Healthy 6 CQ2laser 23 mJ mm2 Marked squares Yes, contra Yes, bilat No 
of 2.5 cm2 of at hand 
dorsum of left area 
hand and foot 
Binkofski et aL, fMRI Healthy 5 2-cm long Constant Distal part of Yes, bilat Yes, bilat No 
1998 (94) silicone stimulation with esophagus 
balloon a volume of 10 
and 20 ml 
Derbyshire and Jones PET H215Q Healthy 6 Thermode Ramp, 25°C, Dorsum of No No No 
1998 (95) 43°C left hand 
Derbyshire and PET H215Q Heaithy 12 Waterbath Continuous Right hand No No No 
Jones, 1998 (95) heat pain 
continued 
TABLE 5-1. Continued 
Posterior Stimulation Stimulated parietal Study Modality Subjects n device Stimulation area SI Sil cortex Disbrow et al., 1998 fMAI Healthy 12 Electrical shocks 20.8 mA, 2 Hz Yes, contra Yes, bilat No (96) 
Thermode 4 cm2 38°C, 48SC Digit 2 of right No No No hand Mechanical Painful pinch No No No ladarola et al., 1998 PET H2150 Healthy 13 Intradermal 250 9 in 20 l left volar Yes, contra Yes, contra Yes, bilat (70) injection of vehicle forearm 
capsaicin 
Light brush Yes, contra Yes, ipsi Yes, ipsi (allodynia) 
BA 40 Mayet al., 1998 (97) PET H2150 Healthy 7 Capsaicin 0.05 ml of Subcutaneous No No No 0.1% solution right forehead Oshiro et al.,1998 fMAI Healthy 6 Electrical stimulator 8 Hz Fifth digit of one Yes, contra Yes, bilat No (98) hand at a time Paulson et al., ~ PET H2150 Healthy 20 Thermode 254 mm2 40°C, 50°C left volar forearm No No No 1998 (99) 
Porro et al., 1998 (100) fMAI Healthy 24 Subcutaneous 0.5 ml, 20%, Yes, contra No No ~ ascorbic acid pH 6.7 
16 Subcutaneous saline 0.5 ml Dorsum of one No No No foot 16 Innocuous touch Touch for 20 s No No No with a needle Baciu et al., 1999 (101) fMAI Healthy 6 Latex balloon Inflation until . Aectum Yes, bilat No Yes, bilat catheter pain: 80/1 00 BA 
39/40 Baron et al., 1999 fMAI Healthy 9 Intracutaneous 20 lof 0.05% Aight volar No No No (102) capsaicin forearm Becarra et al., 1999 fMAI Healthy 12 Thermode 9 cm2 41°C, 46°C Dorsum of left Yes, contra Yes, contra No (103) hand Coghill et al., 1999 PET H2150 Healthy 16 Heated probe 35°C, 46°C, Upper right arm Yes, contra. Yes, bilat No (104) 1-cm diameter 48°C or rlght-handed 
subjects (six 
areas) Derbyshire et al., PET C1S02 Post-molar 6 Thermode 41.1°C-44.8°C Dorsum of No No Yes, 1999 (105) extraction 2.5 x 1 cm righthand contra surgery 




" Peyron et al., 1999 (75) PET Healthy 12 Thermode 9 cm2 39°C, 46.6°C Dorsum of one Inhiblt SI Yes, bilat Yes, right 
and attention hand ipsi BA 40 
to stimuli 
Aainville et al., PET H21SO Healthy 8 Water bath and 35°C, 47°C Left hand No No Inhibition 
1999 (106) hypnosis of contra 
BA 40 
with 
Tolle et al., 1999 (107) PET H2150 Healthy 12 Thermode 1°C below 
hypnosis 
Aight volar No No No 
(1.6 x 3.6 cm) pain threshold forearm 
1°C above No No No 
pain threshold 
Casey et al., 2000 (108) PET H215Q Healthy 20 Hand-held vibrator 130 Hz Left volar forearm Yes, contra No No 
(nonpainful) . 
Water bath 1°C Left hand NS, contra Yes, contra No 
Creac'h et al., 2000 fMAI Healthy 11 Tensiometer 15-18 mm Hg Dorsal left first Yes, contra, Yes, contra, No 
(109) metacarpopha- bilat bilat 
Grachevet al., 2000 1H-MAS Chronic back 9 None Spontaneous 
langeai joint 
Baek No No No 
(110) pain baek pain 
Ploghaus et al., fMAI Healthy 12 Thermode 9 cm2 Painful stimulation Dorsum of No No Yes, bilat 
2000 (111) and expectation left hand BA7 
'l of painful 
'l stimulation 
Ploner et al., 2000 MEG Healthy 6 Electrical nerve 40-60 V (tactile) Dorsum of each Yes, contra Yes, bilat No 
(112) stimulator hand 
C02 laser stimul~tion 600-700 mJ (pain) Yes, contra Yes, bilat No 
Sawamoto et al., fMAI Healthy 10 C02 laser and 60 ms duration Dorsum of No Yes, bilat No 
2000 (113) expectation of ..J right hand 
pain 
Tracey et al., 2000 fMAI Healthy 6 Thermode 5°C, 46°C Dorsum of Yes, contra Yes, contra Yes, bilat 
(114) left hand BA 5,7, 
40 
Apkarian et al., fMRI Healthy None Straight leg rising Back No No No 




Bentley et al., LEPs Healthy C02 laser heat stimuli 15.3 mJ mm-2 Aight forearm No No Yes, contra 
2001 (116) 
Yes, right Coghill et al., 2001 PET H2150 Healthy 9 Thermode 1-cm 35°C, 49°C Six spots on Yes, contra Yes, contra 




TABLE 5-1. Continued 
Posterior 
Stimulation Stimulated parietal 
Study Modality Subjects n device Stimulation area SI Sil cortex 
Chang et al., 2001 EEG Healthy 15 Intramuscular 50 g/0.5 ml Nondominant left No No Decrease 
(117) injection brachioradialis in alpha 
capsaicln vehicle muscle 1 and 
0.5 ml alpha-2 
activity, 
bilat 
De Pascalis et al., ERPs Healthy 29 Electrical stimulator + 0.5 mAabove Ventral right No No Inhibition 
2001 (118) hypnosis pain threshold wrist with 
hypnosi 
s 
Hofbauer et al., PET H2150 Healthy 10 Water bath + 35°C, left hand Yes, contra Yes, contra No 
2001 (38) hypnosis 46°C-47.5°C 
Lotze et al., 2001 fMRI Upper limb 14 Hand and lip Handllip Yes, contra No No 
(119) amputee movement for ail 
Healthy 7 Imagined movement Yes, contra No No 
of phantom 11mb for PTs 
or left hand 
Olausson et al., fMRI Hemispherec- 4 Soft brush 20 cm/s,distance Medialleg, Yes, contra Yes, bilat No 
~ 2001 (57) tomized (7 cm wide) 10cm 15 cm inferior for for 
ta the patella healthy; healthy; 
(of pareticleg ipsi for no for 
for patients) patients patients 
Healthy 4 Thermode 9 cm2 34°C-36°C, Yes, contra Yes, No 
44°C-47°C for contra for 
healthy; healthy; 
NS ipsi NS ipsi 
for for 
patients patients 
Wrtting et al., 2001 H2150 PET Healthy 8 Intradermal 10 g/20 l left non- No No No 
(68) capsaicin dominant 
valar forearm 
Brush-evoked Soft brush, Brush over a No No Yes, contra 
allodynia frequency 2-cm2 area BA5f7 
of 0.25 Hz 
Chen et al., 2002 fMRI Healthy 4 Soft brush -2 Hz, 10-cm left inner calf Yes, contra Yes, contra No 
(56) (2-cm wide) region 
Thermode 9cm2 35-36°e, left inner calf Yes, contra Yes, contra No 
45-46°e 
Davis et aL, 2002 fMRI Healthy 7 Thermode 5cm2 32°e,3°e Thenar No Yes, contra Yes, bilat 
(120) eminance, No BA 7/40 
right hand No 
) / 
.. ~ 
DaSilva et al., fMRI Healthy 9 Thermode 2.6cm2 32°C, 46°C ophtalmie, Yes, contra Yes, bilat No 
(2002) (121) maxil/ary, 
..r mandibular 
divisions right 
side of the face 
and palmar 
Inui et aL, MEG Healthy 13 intraepjdermal, 0.16±0.09mA 
right thqmb 
Dorsum of/eft Yes, contra Yes, bilat No 
(2002) (122) square wave hand in 5 
pulse 0.23±0.09mA Left lateral subjects 
H2150 PET 
elbow joint 
Laureys et al., Healthy 15 Electrical square 7.4±5.9mA Right median Yes, contra Yes, contra Yes, bi/at 
(2002) (123) wave pulses nerve at the BA 40 
Patients 15 Electrical square 14.2±8.7mA wrist Yes, contra No No 
(PVS) wave pulses 
Maihôfner et al., MEG Healthy 7 Thermode 3.5cm 32°C, -3±5°C Dorsum of No Yes, contra No 
(2002) (124) diameter right hand in 4 and 
bilat in 3 
subjects 
Nakamura et aL, MEG Healthy 6 Cutaneous YAG 600-650mJ Dorsum of No Yes, contra No 
(2002) (125) laser stimulator left hand 
Peyron et aL, H2150 PET Healthy 12 Thermode 9cm2 39, 46.6°C Dorsum of No Yes, bilat No 
(2002) (126) one hand 
fMRI Healthy 8 Thermode 9cm2 37, 46.9°C Dorsum of No Yes, contra No 
one hand and bilat 
in 6 
subjects 
Intracerebral Epilepsy 13 C021aser 1.3 x pain Dorsum of hand No Yes, contra No 
LEPs patients stimulator threshold contra ta and 
38.5mm2 inplantation bilat in 2 
of electrode patients 
Scalp LEP Healthy 31 C021aser 10W Superficial No Yes, bilat No 
stimulator right radial 
38.5mm2 nerve 
Porro et aL, fMRI Healthy 26 23 gauge needle s.c. ascorbic Dorsum of Yes, contra No No 
(2002) (127) acid (20%) one foot 
Torquati et aL, MEG Healthy 10 electric 59±18.8mA Right median Yes, contra Yes, bilat No 
(2002) (128) rectangular nerve at 
pulses wrist 
Tran et aL, MEG Healthy 9 C021aser 5-12W Dorsum of Yes, contra Yes, bilat No 
(2002) (129) stimulator 2mm left hand in 4 
diameter subjects 
Wise et aL, fMRI Healthy 9 Thermal resistor 56.4±1.4°C Dorsum of No Yes, bilat No 
(2002) (130) 3cm2 left hand 
BA, Brodmann area; bilat, bilateral activation; contra, contralateral to the stimulated side; EEG, electroencephalogra-
phy; ERp, evoked-related potential; fMRI, functional magnetic resonance imaging; 1H-MRS, single-voxel proton magnetic 
resonance spectroscopy; ipsi, ipsilateral to the stimulated side; LEp, laser-evoked potential; MEG, magnetoen-
cephalography; NS, not significant; PET, positron emission tomography; SPEer, single-photon emission computed to-
mography; SPET, single-photon emission tomography. 
showed a decrease in blood flow to SI cortex 
in human subjects during the presentation of a 
tonic heat stimulus. Consonant with the idea 
that noxious stimulation produces inhibition 
of tactile sensitivity in SI cortex are psy-
chophysical data showing that the presence of 
pain reduces tactile perception, a phenome-
non described by Apkarian et al. as a "touch 
gate" (44). 
Parietal Operculum and Pain Perception 
Pain-related activation during brain imaging 
studies has been observed in various regions 
within the parietal operculum;however, the na-
ture and function of this activation is still open 
to conjecture. Whereas the functional organi-
zation of the postcentral gyms has been exten-
sively detailed and defmed as SI \vith its ex-
quisitely arranged somatotopic representation 
of cutaneous receptors, no consensus yet exists 
concerning the exact role of activity observed 
within the parietal operculum. This region, 10-
cated on the dorsal bank of the sylvian fissure 
. just lateraI to SI, includes Sn-the secondary 
somatosensory cortex; but even the borders of 
sn are in dispute (9,30) and its functional re1a-
tionship to SI appears to vary from one species 
to another (45-47). 
Early electrophysiologic studies in monkey 
revealed responses in SIl evoked by both nox-
ious and innocuous stimulation. Whitsel et al. 
(48) described a well-localized region at the 
posterior margin of SIl with cells responsive 
to nociceptive stimuli and a separate anterior 
part of SIl in which most neurons responded 
to gentle tactile stimuli. Sorne evidence from 
human studies also suggests separate repre-
sentations for pain and touch within the pos-
terior parietal cortex; however, differences be-
tween monkey and human cortical anatomy 
and inconsistencies in the designation of SIl 
proper complicate a direct comparison of 
these results. Treede and colleagues argue for 
the separate processing of innocuous stimuli 
in human SIl and posterior insula, and reserve 
the deeper areas of the parietal operculum 
(medial to SIl) and anterior insula for the pro-
cessing of nociceptive stimuli (30). More re-
cent dat~ from stereotactically placed elec-
trodes in patients, are not entirely consistent 
with this view (49) and underscore the contin-
uing controversy surrounding this issue. 
The majority of electrophysiologic studies 
in the monkey have underscored, as was the 
case for SI, that most neurons in sn and sur-
rounding areas respond to innocuous somatic 
stimulation, whereas only a few display noci-
ceptive properties (50,51). However, unlike 
the detailed somatotopic organization of the 
contralateral body surface found in SI, neu-
rons in SIl demonstrate receptive fields that 
may be of variable size and responsive to bi-
lateral as weIl as contralateral stimulation of 
the body. Therefore, based on the animal liter-
ature, this parietal region is unlikely to con-
tribute toward a fine spatial discrimination of 
cutaneous stimuli-at either innocuous or 
noxious intensities. 
Anatomic evidence from, the monkey is 
consistent with at least a presence of nocicep-
tive neurons in the SIl region, as demon-
strated by direct projections to the parietal op-
erculum from thalamic nuclei (52) that 
convey nociceptive information from the 
spinal cord (53). Furthermore, corticocortical 
projections from SI may contribute to noci-
ceptive activity observed in SIl (47,54). \ 
In human subjects, evidence gained from 
many different experimental approaches 
clearly demonstrates activation of SIl (and/or 
surrounding regions of the parietal opercu-
lum) by noxious as wells as Ïnnocuous stimuli 
(see Table 5-1). Studies comparing directly 
different modalities of noxious and innocuous 
somatosensory stimulation have generally ob-
served significant SIl activation by both. In 
our own laboratory, both innocuous vibrotac-
tile and noxious heat stimulation of the fore-
arm evoked significant increases in SIl rCBF, 
as detected by PET (55); likewise, significant 
increases in fMRI-detected activation were 
observed in individual subjects within SIl 
during the presentation to the leg ofeither in-
nocuous brush of noxious thermal stimuli 
(56,57). In other laboratQries, similar results 
have been obtained for noxious heat and in-
nocuous vibrotactile stimuli, using fMRI 
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(58), and for innocuous electrical and noxious 
C02 laser stimuli, using evoked potential 
analysis (49). 
Although the region of SIl may be activated 
during the presentation of either innocuous or 
noxious stimulation, this by no means implies 
that SIl activity cannot contribute to a sub-
ject's ability to distinguish painful and non-
painful sensations. Studies using a single 
stimulus modality have demonstrated inten-
sity dependent pain-related responses in SIl 
contralateral to the site of stimulation 
(59~2), indicating a functional capacity to 
discriminate between noxious stimuli of dif-
ferent intensities, as weIl as between innocu-
ous and noxious levels of stimulation. These 
recent studies (5~~2) also demonstrate a 
similar degree of activation of SIl, ipsilateral 
to th.e stimulation site. This bilateral activa-
tion Of the parietal operculum-rarely, if ever, 
observed in SI-may account in part for the 
ability ofhemispherectomized patients to per-
ceive the intensity as weIl as the affective 
components of heat stimuli presented to the 
paretic leg (57). 
Posterior Parietal Function and 
Pain Perception 
Evidence. in humans for a direct involvement 
of posterior regions of the parietal cortex in 
pain processing is considerably less convincing 
than that documented for other areas of the 
parieta1lobes. On the other hand, a few studies 
in the nonhuman primate have, indeed, sug-
gested a role for this region in nociception. 
Electrophysiologic data from the monkey re-
vealed a small number of neurons responsive 
to noxious stimuli in the vicinity of area 7b, 
near the posterior border of SIl (48,63). Neu-
rons within this area demonstrated intensity-
dependent responses cocrelated with the mon-
key's tendency to escape noxious stimulation, 
and a unilateral lesion of the region, in one 
monkey, altered thennal pain tolerance, al-
though intensity discrimination remained in-
tact (64). The specific relevance of these data 
to posterior parietal function is difficult to as-
sess, however, owing to the small number of 
neurons recorded and the extension of the ex-
perimentallesion in this case into the adjoining 
parietal operculum. 
In humans, a few studies have suggested 
that the posterior parietal cortex may process 
attentional aspects associated with sensory 
integration and body orientation to poten-
tially damaging (painful) stimuli. Hsieh et al. 
(65) reported that acute experimental pain, ' 
evoked by an intracutaneous injection of 
ethanol in the right upper arm, was associated 
with a significant increase in parietal rCBF 
within contralateral SI and bilateral posterior 
parietal cortices. Such a scenario is consis-
tent with a potential divergence of roles for 
SI and posterior parietal regions-in that ac-
tivation within the contralateral SI is appro-
priate for localization of the stimulus to the 
upper arm, whereas activation in both con-
tralateral and ipsilateral posterior parietal 
cortices would be expected for orientation to-
ward the stimulus and an integration of motor 
responses involving a reaction of the opposite 
hand to care for the painful upper arm. Addi-
tional evidence for a role of posterior parietal 
regions in attentional aspects of pain was ob-
served in a PET study of patients suffering 
from chronic pain elicited by mononeuropa-
thy (66). An increase in rCBF was observed 
during periods~ of chronic pain in bilateral 
posterior parietal cortex-among other ar-
eas-but not in SI or SIl. The preponderance 
of activation in the posterior regions of the 
parietal lobe suggested to the authors that 
processing of chronic pain, as opposed to 
phasic experimental pain, may reflect the in-
creased attention and vigilance that patients 
devote to their clinical condition. 
Additional evidence for the involvement of 
the posterior parietal lobe in attention and 
spatial orientation toward noxious stimuli is 
suggested by studies of moving noxious stim-
uli. For example, Coghill et al. suggested that 
stimulating different areas of the skin may so-
licit the subject's attention and be more likely 
to implicate the right posterior parietal lobe, a 
reflection of "spatial attentional/awareness 
components of somatosensory infonnation" 
(67). A similar rationale rnav hp, ~nnl;pr1 tn 
brush-evoked allodynia; that is, pain evoked 
by innocuous brushing stimuli applied to sen-
sitized skin. Witting and colleagues (68) re-
cently studied brush-evoked allodynia in 
healthy volunteers by injecting intradermal 
capsaicin in their nondominant forearm. Us-
ing PET, these authors found that brush-
evoked allodynia, but not capsaicin pain 
alone, activated BA 5 and 7 in the contraI at-
eral posterior parietal lobe. Likewise, Petrovic 
and colleagues (69) reported that brush-in-
duced allodynia in mononeuropathic patients 
was associated with significant activations of 
the contralateral pQsterior parietal cortex 
(along with bilateral activation of SI, SIl, and 
thalamus). Similarly, ladarola et al. (70) had 
described bilateral activation in the posterior 
parietal lobe (e.g., BA 40) and adjacent re-
gions of SIl during brush-evoked allodynia; 
however, in this study capsaicin pain was also 
associated with increased rCBF in bilateral 
posterior parietal cortex. Thus, whereas possi-
ble attention toward a moving pain presents a 
compelling argument for posterior parietal in-
volvement in spatial orientation toward nox-
ious stimulation, results across studies are not 
entirely consistent and indicate that move-
ment of the stimulus is neither sufficient nor 
necessary for stimulus-related activation of 
this region. 
SUMMARY 
Converging lines of evidence confirm a 
role for the anterior parietal cortex in pain 
processing and extend the traditional view of 
SI to include discriminative aspects of so-
matic stimulation that is potentially tissue-
damaging (e.g., painful). Recent studies more 
specifically implicate SI in the sensory aspect 
of pain perception by demonstrating that SI 
activation is modulated by cognitive manipu-
lations that alter perceived pain intensity, but 
not by manipulations that alter unpleasant-
ness, independent of pain intensity. Neverthe-
less, despite the probable role of SI in the en-
coding of the various sensory features of pain, 
considerable evidence suggests that nocicep-
tive input to SI may also serve to modulate 
tactile perception. Thus, SI cortex may be in- . 
volved in both the perception and modùlation 
ofboth painful and nonpainful somatosensory 
sensations. 
Defining a role in pain processing for the 
parietal operculum is somewhat more prob-
lematic. The absence df a fine somatotopic or-
ganization of cutaneous (or visceral) receptors 
virtually eliminates a substantial role fur thi~ 
region. in localizing noxious stimuli. Several 
studies suggest separate representations for 
pain and touch within the posterior parietal 
cortex and SIl, respectively; however, inter-
species differences in cortical anatomy and in-
consistencies in the designation of SIl proper 
preclude a clear reconciliation of the data. 
Likewise, suggestions that SIl activation is 
predominantly related to processing the noci-
ceptive quality of the stimulus (60,61) are in-
consistent with many studies in both human 
and nonhuman subjects, which show ~ strong 
functional relationship betwecm SIl activity 
and innocuous (especially, vibrotactile) stimu-
lation. Nevertheless, the numerous studies in-
dicating pain-related activation within the 
parietal operculum (and! or SIl) underscore the 
potential importance of this region in the per-
ception of pain and the need for continued re-
search. \ 
Finally, a possible role of posterior parietal 
cortex (BA 5/7, 39/40) in orientation and at-
tention toward painful· sensory stimuli is con-
sistent with existing literature describing this 
region as a poly modal association area con-
cemed with intrapersonal and extrapersonal 
space; however, results from studies that ac-
tually manipulate the subjects' level of atten-
tion relative to painful stimuli have not uni-
formly supported this hypothesis (75). Future 
studies assessing both attentional demand 
and direct manipulation or motor interactions 
involving noxious stimuli may help to resolve 
this issue. 
In spite of sorne discrepant results concem-
ing specific details of the nociceptive proéess, 
the weight ofhuman pain research now frrmly 
establishes a role for the parietal lobes in the 
COnsCIOUS appreciation of the sensation of 
pain. 
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Synonyms 
Parietal Cortex, PET and fMRI Imaging; fMRJ Imaging and PET in Parietal Cortex 
Parietal cortex approximaœs the Sllperior middle third of the :--,,--=, :,'~", occupying a portion of the two -ê~' ,:.",.' -~ situated beIow the 
crown of the head. The parietal cortex is positioned in front of the OCCipital lobe and behind the frontal lobe. The human parietal cortex can 
be subdïvided intD the postœilbal and posterior parietal regions; the postcentral gyrus contains the primary ;..·"'2:<:-5<-2. ,,'C, cortex or SI 
(Brodmann areas 3,1 and 2), whiIe the posterior parietal region is made up of the superior (Brodmann areas 5 and 7) and inferior parietal 
lobules (Brodmann areas 39 and 40), which are separated by the intraparietal suIcus (Fig. 1). Medial and undemeath the parietal cortex, in 
the superior bank of the lab!raI suIcus, lies the parietal operculum, defined functionally as the secondary somatosensory cortex or 511. 
BA~ 
Figure 1 Schematic depiaion of the lateraI Sllrfaœ of the [Ieft] cer-ebral hemisphere, which is Sllbdivided inta four lobes: frontal, parietal, 
tenlporaI and OCCipital. The central Sllicus forms the anterior border of the parietal lobe, and the rateraI sulcus makes the delineation between 
the parietal and b!mporëIIlobes. The parietal lobe is comprised of severa! anatomiCal areas, namety the primary somatosensory cortex (SI), 
the secondary somatosensory cortex (SU), the superior lobule (Brodmann areas (BA) 5 and 7), and the inferlor- parietal lobule (BA 39 and 
40). 
Brain imaging studies, USing positron emissioo tumography (PET) or functionaI magnetic resonanœ imaging (fMRI), have consistent!y revealed 
activation in the parietal cortex foIlowing the presentation of noxious stimuli. A numbet" of welH:ontrolled studies now indicate that this 
parietal activity is directIy associated with the human pen:eption of acute experimental pain, regardless of the stimulus modality. For 
exampIe, painfuI artaneous thermal stimuli (Chen et al. 2002; Coghill et al. 2001; CoghiH et al. 2003; Striga et al. 2003; Talbot et al. 1991), 
visceral stîmuIi (Striga et al. 2003; Verne et al. 2003) and traoscutaneous electrical nerve stimuli (Downar et al. 2003) reliably activate a 
œmmon networ1I: of brcIin areas in the parietal lobe . ,,:.:. " 'c". ta the side of the stimulation. These parietal cortex regions (SI, SIl and 
inferior" parietal lobule) appea.- ta be preferentially related ta the sensory-discriminative aspects of painful stimuli, SUCh as quality, intensity, 
spatial and temporal characteristics, rather than ta affective aspects of pain SUCh as pain unpleasantness (Holbauer et al. 2001; Rainville et 
al. 1997) or empathy for pain (Singer et al. 2004). Additional evidence for the importance of the parietal cortex in the processing of the 
intensdy and location of painful stimuli cnmes from the case report of a patient who suffered an iSChemiC Iesion ta the right SI and SU; 
ronsequent to this Iesion, this patient was unable to perceive the intensity of painful heat stimuli applied to the Ieft hand, but complained !hat 
the stimuli were -dearty unpleasant- (Pioner et al. 1999). 
ln addition to the generaIIy observed pain -related parietal activity contralateral to the area of the skin reœiving the noxiOus stimulation, 
CoghiII et al. (200 1) reœntty demonstrated that the right inferior parietal cortex (Brodmann area 40) was activated foIlowing cutaneous 
thermal pain, regardIess of which ann received the noxious stimulation. This kind of functïonallateralizatiOn in the right posterior parietal 
cortex is aIso important for the influenœ of attention on somatosensory processing. In fact, unilateral neglect, in whidl patients are IlOt aware 
of the Ieft: side of their' body or somatosensory stimuli applied to it, results only from a Iesion in this area of the right hemisphere; a Iesion of 
the homoIogous area of the Ieft: parietal lobe never results in unilateral neglect of either side of the body. 
A simiIar networtc. of cortical regions appears to be involved in the conscious experienœ of abnonnal pain sensitivity, such as mechaniCal 
. .':' ,- a symptom of '--:'.~ ~ >; ". Experimental mechanical al!odynia cao be eIicited in healthy human subjects by gentty stroking 
with a soft brush an area of skin!hat lias been pretreated with topiCal orC'~· .'<,.,.,,,a' injection of'-~:'$è ~ "'. Using such modeIs, brush-evoked 
aIIodynia lias been associatEd with activation in contJalateral SI, 511 and Brodmann area 40 of the inferior parietal cortex (Maihfner et al. 
20(4), as weil as IpsîIateraI 511 (Iadarola et al. 1998; Maihfner et al. 2(04) and ipsilateral inferior parietal cortex (ladarola et al. 1998). 
Patients who sutrer from chronic pain conditïOnS, such as fibromyalgia and chronic Iow back pain (UBP), show more extensive patterns of 
activation in the parietal cortex. For example, Giesedte et al. (2004) showed, in a recent IMRI study of experimental pressure pain, !hat 
fibromyaIgia and Q.8P patients exhïbitI!d a more eIevated leveI of activation in contralateral SI and bilateral SU concomitant with a higher 
leveI of reported pain, compared to that observed in the control group of healthy subjects. It aIso appears that post-stroke central chronic 
pain is assodatI!d with decreased binding sites for endogenous opioids in contraIateral SU and Inferior parietal cortiœs (Willoch et al. 20(4), 
which is consistent with the hypothesis that endogenous opioids take part in the inhibition of neural drcuits subserving pain perœption. 
Therefore, this kMered number of opioid binding sites in regions of the parietal cortex, which are directly involved in the sensory-
discriminative aspects of pain, ma., contribute to sustained leveIs of pain associatI!d wlth stroke. 
In conclusion, functionaI neuroimaging data acquin!d with either "1: Cor ""R: dernonstraœ that regions withln the parietal cortex take part in 
proœssillg the sensorv-disaiminative aspects of painful stimuli. Converging evidenœ from studies of healthy subjects involving either 
aperimelltal pain or expewimental modeIs of chronic pain, as weil as studies of chronic pain patients, suggests that activation ln 
contJalateiai SI, SU and inferior parietal cortiœs pIays a ~ roIe in the conscious expewienœ of pain. 
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Abstract 
The ability to localize both touch and pain bas been attributed mainly to the primary somatosensory cortex (S 1), based on its fine somatotopic 
mapping of tactile inputs. Recently, SI has also been implicated in the differentiation of noxious stimulation, 5uch as distinguishing between 
pain arising from viscera and skin. Recent MEG and tMRI studies show that there is at least a rudimentary tactile topographie representation 
in the supra-sylvian cortex [encompassing secondary somatosensory area (S2)], suggesting that this area May contribute to touch localization. 
Nevertheless, the role of this region in pain localization or its role in the differentiation of various types of pain has not been c1early established. 
Healthy subjects (four males, three females) underwent fMRI-scanning (1.5 T, standard head coil, DOLD analysis) during painful balloon 
distention of the distal esophagus and painfu\ heat on the midline chest in the zone of referred pain for the esophageal stimulation. Five of 
the seven subjects exhibited significant activation of the parasylvian region in both experlmental conditions, and in each of these five subjects 
activation related to esophageal pain was represented more laterally within the parasylvian cortex than that associated with cutaneous trunk 
pain (paired t-test, p's < 0.0 1). Our results suggest segregation of visceral esophageal and cutaneous chest afferents within parasylvian cortex, 
possibly implicating this region in the perceptual differentiation of visceral and cutaneous pain. 
e 2005 Elsevier lreland Ltd. Ail rights reserved. 
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The ability to localize touch has been attributed primarily 
to the primary somatosensory cortex (St) based on its fine 
somatotopic organization of tactile inputs from the contralat-
eral body surface in non-human primates and humans [20]. 
Atthough the role of St in the conscious experience of pain 
still remains a topic of ongoing debate, neurophysiological 
findings in animais, as weil as recent positron emission to-
mography (PET) and functional magnetic resonance imaging 
(tMRI) studies in humans, implicate St in pain localization 
as weIl [5.25]. Recent evidence shows that in addition to 
somatotopic organization of cutaneous inputs, there is also 
segregation of visceral and cutaneous information within SI 
as proposed by Penfield's homunculus [15.25]. Despite ex-
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tensive research in animais, littIe information is available on 
the exact structural organization within the parasylvian cor-
tex [encompassing secondary somatosensory area (S2)], as 
weIl as its functional role in touch and/or pain localization. 
However, anatomical and electrophysiological findings from 
animal studies using innocuous tactile stimuli not only sug-
gest at least a crude somatotopy, but also show the existence of 
two complete mirror-symmetric representations of the body 
surface within the area [4,12,16.21]. In addition, recent MEG 
and tMRI studies in humans using innocuous electrical stim-
ulation of different body parts suggest somatotopic organi-
zation of tactile inputs within parasylvian cortex, with lower 
extremities represented more medially, posteriorly and supe-
riorly [7,8, 1 8.22J. 
Despite the evidence for a tactile somatotopic organiza-
tion in the parasylvian cortex, the arrangement of nocicep-
tive projections within the region is still debatable. A recent 
single-trial fMRI study found that within the parietal opercula 
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laser-evoked foot pain is more medial and anterior to that 
evoked by laser stimulation of the hand [1], thus suggesting 
an organization of nociceptive responses sirnilar to the tac-
tile somatotopy proposed for this region. However, another 
tMRI study found that painful electrical stimulation of the tib-
ial nerve is indistinguishable from that of the median nerve, 
suggesting an absence of nocieeptive topography [9]. Further, 
using group data from our own studies, we were not able to 
statistieally differentiate the region of activation produced by 
distal esophageal and cutaneous chest noxious stimulation 
[25]. In the present report we used a within-subject analy-
sis with tMRI to map nociceptive visceral esophageal and 
cutaneous chest projections in the parasylvian region. 
Subjects: With the approval of the McGill Institutional Re-
view Board and the Ethics and Research Committee of the 
Montreal Neurological Institute, we studied seven healthy 
volunteers (four males, three females, mean age 25.8). Sub-
jects were all pre-trained and free of esophageal symptoms, 
and no subject reported nausea or a need to gag. Other anal-
yses from the same subjects were reported in Strigo et al. 
(25). 
Stimulation: Esophageal stimulation was performed by 
distending a custom-designed polyethylene balloon (de-
scribed elsewhere [24,25]). Thermal stimulation of the up-
per chest was performed with a 9-cm2 Peltier-type contact 
thermode (Medoc, Ramat Yishai, Israel) placed over the ap-
proximate position of the esophageal balloon. 
Esophageal balloon distention and cutaneous heat stim-
ulation on the upper chest were presented in separate func-
tional runs conducted during two different sessions for five 
subjects, with the stimulus order counterbalanced across ses-
sions [25J. Two subjects received both esophageal and ther-
mal stimulation during a single session, with the catheter 
present throughout the entire session. No systematic differ-
ences in brain activations were observed relative to the two 
methods. For each subject, the balloon catheter was passed 
peri-orally, following application of local anesthetic ("Xylo-
caine"), and positioned in the distal esophagus 5 cm above 
the lower esophageal sphincter; while the thermode was se-
curely taped onto the upper midline chest. The stimulation 
sequences for visceral and cutaneous stimulation were iden-
tical, consisting of two stimulus intensities-'high', which 
produced moderate pain sensation in all subjects and 'low', 
which was perceived by all subjects but was not painful. 
The stimuli were given in quasi-random and counterbalanced 
order; each stimulus was presented three times and lasted 
approximately 36 s (nine whole brain acquisitions). Stim-
uli were interleaved with non-stimulation baseline periods 
of equal duration. 
lmaging procedure: MRI was performed using a 1.5 T 
Siemens Vision scanner (Siemens AG, Eriangen, Germany) 
with a standard head-coi!. Each session consisted of one 
anatomical scan and four to eight functional scanning runs. 
The anatomical scans were recorded using a high-resolution 
T l-weighted anatornical protocol (TR 22 ms, TE 20 ms, flip 
angle 30°, FOV 256 mm). The functional scans were col-
lected using a blood oxygen level-dependent (BOLD) proto-
col with a T2* -weighted gradient echo-planar imaging (EPI) 
sequence (TR 4.0 s, TE 51 ms, ftip angle 90°) yielding a 
5 x 5 mm in-plane resolution. 
The scanning planes were oriented parallel to the ante-
rior commissure-posterior commissure line and covered the 
whole brain from the top of the cortex to the base of the cere-
bellum (27 slices, 5 mm thickness, TR 4.0 s). The individual 
scans consisted of 126 whole brain volume acquisitions, di-
vided into 6 cycles. Each cycle consisted of 36 s (ni ne suc-
cessive volume acquisitions) without stimulation, followed 
by 36 s with either visceral or cutaneous stimulation. Extra 
baseline conditions (36 s) with no stimulation were added at 
the beginning and the end of each scanning run. Ali sub-
jects were instructed to attend to the stimuli and refrain from 
movement as much as possible. To further prevent movement 
artifacts, the subject's head was immobilized with padded ear-
muffs, a foam headrest, and a plastic bar across the bridge of 
the nose. Each subject was provided with earplugs to decrease 
the noise generated by the MRI machine. 
Image processing and analyses: Because of the substan-
tial inter-individual variability in the anatomy of the parietal 
operculum, automated co-registration techniques, based on 
the size and shape of the entire brai n, proved less than ideal 
for obtaining a high-resolution normalization of our region 
of interest. Thus, we performed a manual co-registration of 
the individual subjects to a standard brain, focusing on the 
lateral fissure, the anatomicallandmark that defines the para-
sylvian region. For each subject, we defined four equidistant 
points between the medial and laterallimit of the lateral fis-
sure at each slice (anterior-posterior level). We then linearly 
registered the anatomical data of each subject to super brain, 
a high-resolution anatomical image (14J. 
Functional data were motion corrected and low-pass fil-
tered with a 6-mm FWHM Gaussian kernel in order to 
increase the signal-to-noise-ratio. AlI images were resam-
pIed into stereotaxie space [6J. Then, using the transfor-
mation files obtained from the manual delineation of the 
parietal operculum, the functional data were coregistered into 
super brain space. Activation maps were generated using 
tMRISTAT-MULTISTAT software developed at the Mon-
treal Neurological Institute, Montreal, Canada. This analy-
sis yields t-statistics based on a linear model using random 
field theory, correlated errors, and Bonferroni correction; 
data were also corrected for temporal correlation, artifac-
tual drift and random effects. The procedures have been re-
cently described in detail ([27]; technical support available 
at http://www.math.mcgill.ca/keitblfrnristat). 
Analyses presented here show activation maps following 
both 'high' intensity stimulation (contrasted with baseline), 
as weil as the direct comparison of 'high' and 'low' visceral 
and/or cutaneous stimulus conditions. The resulting t-statistic 
images reflect the difference in activation between the painful 
and baseline conditions, as weil as painful and non-painful 
conditions. Significance levels were adjusted for a search 
volume within the parasylvian region, whieh was calculated 








Fig. 1. Average activation within the parasylvian cortex (n = 5) following visceral esophagea1 distention (Ieft) and cutaneous heat stimulation of the upper cllesl 
(righl) during 'high-baseline' and 'high-Iow' contrasts (cf. Table 1 for average Talairach coordinates). 
based on the range of activation coordinates observed in ail 
subjects (search volume 9.2 cm3, t ~ 3.0 significant). Two 
subjects failed to satisfy minimum activation criteria required 
to assess spatial differences in activation sites associated with 
the two stimulus condition~ne subject did not show signif-
icant signal intensity changes within the region during either 
stimulation condition, and the other did not show activity dur-
ing one of the stimulation conditions. Thus, the data set re-
ported here, comparing activation sites evoked by esophageal 
and cutaneous stimuli, is based on the five subjects who 
demonstrated significant parasylvian activation in both ex-
perimental conditions. 
Subjective ratings: Stimulation parameters were cus-
tomized for each subject to equate the perceived intensities of 
the two stimulus modalities. Subjects' ratings confirmed that 
the perception of pain intensity evoked by the visceral and 
cutaneous stimuli were statistically indistinguishable ('high': 
p=0.2, 'Iow': p= 1.0, Wilcoxon Signed Rank Test). A full 
description of the psychophysical aspects of this study was 
reported [25). 
Table 1 
Average activation foci 
Contrasl RighI 
Esophagus Chesl 
X Y Z X y Z 
High--baseline 63 -27 35 4.8 51 -26 25 
High-Iow 51 -27 24 5.6 50 -29 29 
Significanl t-values are shown in bold. 
Group analysis: Fig. lA and B show the average t-
statistical activation maps after manual registration for the 
five subjects who showed activation in the parietal oper-
cula during both stimulation conditions for 'high-baseline' 
and 'high-Iow' contrasts, respectively, Corresponding aver-
age Talairach coordinates are indicated in Table 1. For the 
group analysis the activation peaks were assumed to be spa-
tially different if there was greater than a 5 mm separation 
between the peaks [J 7]. As we had found previously when 
analyzing seven subjects with automated brain registration 
[25), although sorne coordinates met the separation criterion, 
there was no consistency in the differences in the location 
of activation between the two modalities when the subjects' 
data were averaged (fable 1). Greater than 5 mm separation 
between the peaks was observed in the superior-inferior di-
mension bilaterally during 'high-baseline' contrast and on 
the left during 'high-Iow' contrast with visceral activation 
located more superior to the cutaneous activation, but on the 
right side for the 'high-Iow' condition, the opposite results 
arase. Likewise, in the medio-Iateral coordinate only the right 
Left 
Esophagus Chesl 
x y z x y Z 
3.4 -60 -27 28 4.8 -56 -26 18 4.3 
3.6 -57 -27 30 4.6 -58 -27 18 3.1 
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Table 2 
IndividuaJ activation Coci 
Subject Contrast Right 
Esophagus Chest 
X y Z X 
High-baseline 67 -18 11 49 
High-Iow 67 -18 11 51 
High-baseline 65 -28 29 38 
2 High-Iow 64 -28 29 43 
High-baseline 62 -28 18 55 
3 High-Iow 63 -28 18 55 
High-baseline 63 -20 23 52 
4 High-Iow 63 -20 26 59 
High-base1ine 54 -18 30 45 
5 High-Iow 53 -29 30 47 
side during 'high-baseline' contrast satisfied the above crite-
rion, with visceral activation located lateral to the cutaneous 
activation. For the anterior-posterior dimension, the peaks of 
activation were never greater than 2 mm apart. 
!ndividual subjects: Individual foci of activation, i.e. the 
voxel of maximum activation within the activation cluster, 
after manual registration for 'high-baseline' and 'high-low' 
contrasts are summarized in Table 2. AlI five subjects showed 
reliable activity within the parasylvian region following both 
heat stimulation of the upper chest and balloon distention 
of distal esophagus. Three of the five subjects showed bi-
lateral increases in signal intensity during both conditions. 
The two other subjects showed bilateral activity during vis-
ceral stimulation, but parasylvian activity related to cuta-
neous stimulation was restricted to the right side only. In 
order to demonstrate segregation of visceral and cutaneous 
activation sites, the individual coordinates following chest 
stimulation were subtracted from those following esophageal 
stimulation. For simplicity of display, an absolute value of the 
difference was taken for the stimulation foci located in the left 
hemisphere. Fig. 2 shows the difference between individual 
medio-lateral activation foci within the parasylvian region 
during 'high-baseline' (A) and 'high-low' (B) contrasts. As 
can be seen in Fig. 2A and B, for both the 'high-baseline' 
and 'high-low' comparison, subtraction of X-coordinates re-
sulted in positive difference for all eight activation sites (five 
on the right, three on the left), suggesting medio-lateral to-
pography, with esophageal pain represented more laterally 
than cutaneous trunk pain. This relationship was statisti-
cally significant on the right side (p's < 0.01, paired t-test). 
Even though the left side showed the same spatial rela-
tionship, the statistical comparison cou Id not be performed 
due to a small sample size. A large topographie variabil- . 
ity was observed for the anterior-posterior and superior-
inferior coordinates, and no significant relationship between 
esophageal and chest representation was found (paired t-tests: 















Z X y Z X y Z 
-26 -60 -16 24 -57 -34 30 
30 -58 -16 23 -56 -34 31 
12 -61 -20 26 -53 -24 15 
12 -67 -20 20 -57 -24 16 
26 -58 -22 12 
26 -58 -22 12 
26 -52 -34 28 
30 -53 -34 29 
21 -67 -38 20 -57 -28 18 
22 -60 -28 20 -57 -28 18 
The present study suggests a segregation of nociceptive 
inputs from the cutaneous trunk and distal esophagus within 
the parietal opercula. Our data indieate that visceral stimu-
lation of the esophagus leads to activation in a more lateral 
region of the parasylvian cortex than does that of the cuta-
neous tissues of the trunk. This separation is in addition to 
that suggested by Penfield's homunculus within SI (20) and 
recently confirmed in our laboratory (25). 
Widespread convergence of projections from visceral, cu-
taneous and muscle tissues has been demonstrated in the 
spinal cord, thalamus and cortex [2.3,10,11,19,23], putting 
into question the underlying mechanisms responsible for 10-
calization and identification of specific stimuli. Indeed, in a 
previous study we found activation in SI of the trunk area dur-
ing both esophageal and cutaneous chest stimulation, which 
we proposed to underlie the referred buming pain sensation 
on the chest during esophageal balloon distention. Never-
theless, we also found in that study at least a partial spatial 
separation of activity evoked by painful stimulation of the 
distal esophagus and cutaneous chest in S l, as weIl as in an-
terior cingulate and insular cortices. We now show a similar 
separation in parasylvian cortex, suggesting that despite the 
substantial convergence at lower levels of afferent process-
ing, visceral and cutaneous pain information is in sorne mea-
sure separated in the cortex, thus accounting for our ability 
to distinguish visceral and cutaneous pain in many instances, 
as weIl as different autonomic and behavioral reactions to 
the two modalities of stimulation. We did not observe in the 
present study any regions of convergent activation in the para-
sylvian region, suggesting that referred pain may be most 
related to activity in SI cortex. 
Sorne evidence suggests that the nociceptive area within 
the parasylvian region may be spatially separate from the 
classical tactile projection area (for review, see (26)). A recent 
tMRI study showed segregation of innocuous and noxious 
inputs within the region following electrical stimulation of 
the median and tibial nerves (91. On the other hand, data 
from stereotactically placed electrode recordings in patients 
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Fig. 2. Location of the visceral (esophagus) relative to cutaneous (eIleSt) 
individual activation sites within parasylvian cottex during "higlH>a.seline" 
(A) and "high-Iow" (B) comparisons (cf. Table 2 for individual Talairach 
coordinates). Locus foresophageal stimulation was located more lateral than 
that for cllesl stimulation in ail the activation sites observed (p < 0.0l) resull-
ing in a positive difference foUowing sublraction of respective X -coordinates 
in the righl hemisphere and negative dilference in the left hemisphere. For 
simplicity of presentation absolule values for the dilferences in the left hemi-
sphere are displayed. 
with epilepsy did not reveal a difference in the locations 
of the source potentials for painful and non-painful stim-
ulation (13). We have shown here that nociceptive inputs 
from visceral esophagus and skin of the chest project to 
separate regions within parasylvian cortex; this separation 
was observed when painful stimulation was compared with 
a no-stimulation baseline, as weil as when compared with a 
non-painful stimulus control. The results we observed, there-
fore, are not likely due to the contribution of innocuous tac-
tile components of stimulation. Activation associated with 
the non-painful stimulus, relative to the no-stimulation base-
line, was not robust enough to make a direct assessment of a 
possible separation of activation sites based only on innocu-
ous input during the two stimulus conditions. Future studies 
are needed to determine whether the spatial separation in ac-
tivity is related to body region (nociceptive somatotopy), to 
the intensity (innocuous versus noxious), or the modality of 
stimulation. 
Our data demonstrate segregation of visceral and cu-
taneous nociceptive responses in parasylvian cortex, with 
esophageal responses located lateral to the thoracic cutaneous 
responses. This observation is consistent with segregation of 
visceral and cutaneous afferents within S l, and thus suggests 
that the region encompassing secondary somatosensory area 
(S2) May also contribute to pain localization. 
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GaUez, Ariane, Marie-Claire Albanese, Pierre Rainville, and 
Gary H. Duncan. Attenuation of sensory and affective responses to 
heat pain: evidence for contralateral mechanisms. J Neurophysiol 94: 
3509-3515, 2005; doi:10. 11521jn.OlOO6.2004. Attenuation of re-
sponses to repeated sensory events has been thoroughly studied in 
many modalities; however, attenuation of pain perception has not yet 
benefitted from such extensive investigation. Described here are two 
psychophysical studies that examined the effects of repeated exposure 
to thermal stimuli, assessing potential attenuation of the perception of 
pain and its possible spatial specificity. Twenty-two subjects were 
presented thermal stimuli to the volar surface of the right and left 
forearms. Twelve subjects in study 1 received the same stimuli and 
conditions on each of five daily experimental sessions, whereas 10 
subjects in study 2 received thermal stimuli, which were restricted to 
one side for four daily sessions and then applied to the other side on 
the fifth session. Ratings of warmth intensity, pain intensity, and pain 
unpleasantness were recorded while the subjects performed a thermal 
sensory discrimination task. Results of study 1 demonstrate that 
repeated stimulation with noxious heat can lead to long-term attenu-
ation of pain perception; results of study 2 extend these findings of 
attenuation to both pain intensity and unpleasantness and show that 
this effect is highly specific to the exposed body side for both aspects 
of the pain experience. We suggest that the functional plasticity 
underlying this attenuation effect lies in brain areas with a strong 
contralateral pattern of pain-related activation. 
INTRODUCTION 
Many studies have demonstrated a reduction in the percep-
tion of a given stimulus over time. The graduai reduction of 
sensation or neuronaUreceptor activity during sustained stim-
ulation of constant intensity is usually defined as "adaptation" 
(Price 1992; Theunissen et al. 2(00). The time span of percep-
tuai adaptation is usually said to be very short, a phenomenon 
considered to occur over a period of a few seconds. Perceptual 
adaptation has been observed in virtually ail modalities includ-
ing vibrotactile touch (Hollins et al. 1990), taste (Theunissen et 
al. 2(00), smell (Dalton 2(00), and heat pain (Price et al. 
1977). Habituation, sometimes used as a synonym for adapta-
tion, most often involves repeated exposure to the stimulus. 
The context and time frame for observing the effects of 
habituation may vary from the reduction in responsiveness to 
regular rates of stimulation presented within a single testing 
period (Thompson and Spencer 1966) to the reduced percep-
tion of odors presented over a period of several weeks-
referred to by the authors (Dalton and Wysocki 1996) as both 
adaptation and habituation. A further distinction is sometimes 
Address for reprint requests and other correspondence: G. H. Duncan, 
Université de Montréal, C.P 6128, Suce. Centre-Ville, Montréal, Quebec H3C 
IJ7, Canada (E-mail gary.duncan@umontreaI.ca). 
made between peripheral mechanisms of adaptation and central 
mechanisms of habituation (Dalton 2(00). Given the lack of 
clarity in the psychophysical literature concerning the use of 
physiological terms such as "adaptation" and "habituation," we 
have chosen to use a more general term "attenuation" when 
referring to the graduai decrease in the perception of stimuli 
that are administered repeatedly over a number of days. 
A number of studies have investigated changes in pain 
perception evoked by noxious stimuli. The temporal frame of 
comparison has ranged from a few seconds (Chudler et al. 
1990) or a few minutes (Becerra et al. 1999; Valeriani et al. 
2(03), to several days or weeks (Greenspan and McGillis 
1994; Rosier et al. 2002; Yarnitsky et al. 1995, 1996); how-
ever, results of these studies are inconsistent and allow no c1ear 
consensus. Considering the paucity of information conceming 
the time-dependent modulation of pain perception, and its 
cerebral correlates, we developed psychophysical paradigms to 
investigate in detail potential changes in the perceived intensity 
and unpleasantness of heat stimuli presented over a period of 
several weeks. To maintain the subjects' arousal and motiva-
tion during this extended period of study, stimuli were pre-
sented within the context of psychophysical training in a 
sensory-discriminative detection task with periodic perceptual 
ratings of the different stimuli. Presented here are results of 
these psychophysical studies conceming attenuation of the 
perceptual aspects of the stimuli over the period of training. 
Sorne of these results have been presented previously in ab-
stract form (Gallez et al. 2002, 2(03). 
METHODS 
Subjects 
Twenty-two normal volunteers (12 women and 10 men, aged 
21-47) participated in these experimenls; 12 took part in ex periment 
1 and 10 in ex periment 2. None suffered chronic pain, neurological 
symptoms, or psychiatric disorders. Ali gave informed consent ac-
knowledging that the methods and risks were clearly explained and 
understood and that they were free to withdraw from the study at any 
time without prejudice. Ail procedures were approved by the Health 
Science Research Ethics Committee at the University of Montreal. 
Stimuli 
Ail experiments were conducted in a sound-attenuated, tempera-
lure-controlled anechoic testing chamber. Thermal stimuli were pre-
sented on the volar surface of the forearms with Iwo custom-built 
The costs of publication of this article were defrayed in part by the payment 
of page charges. The article must therefore be hereby marked "advertisemenf' 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fac!. 
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Peltier contact thennodes (l cm2). The temperature at the skinl 
thennode interface was monitored by a thennocouple attached to the 
thennode surface. The temperature was computer-controlled, and the 
slope of temperature changes varied between 3 and SOC/s to maintain 
a constant rise time, regardless of stimulus magnitude. Ali trials 
started from a baseline temperature of 32°C. Innocuous stimuli varied 
from 3S.5 to 41.rC in experimentl; in ex periment 2, the temperature 
of innocuous stimuli was increased to a range between 40 and 42.4°C 
to better produce an unarnbiguous wann sensation in all trials. 
Noxious stimuli in both experiments shared the sarne range of tem-
peratures between 47.5 and 4S.7°C. 
Each experimental session was divided into eight blocks of 16 trials 
with innocuous and noxious stimuli presented separately in altemate 
blocks (a total of 64 trials each of innocuous and noxious stimuli); 
during each block, trials altemated between the two thennodes, which 
were positioned on the sarne foreann in a distaVproximal orientation. 
This approach using two thennodes allowed us to maximize the 
interval between consecutive stimuli presented to the sarne spot of 
skin without movement of the thennodes between trials. During 
experiment l, eight evenly distributed stimulation sites on the single 
foreann were used during the course of the eight experimental blocks 
to minimize local sensitization by the noxious stimuli. In ex periment 
2, the paradigm was simplified to 4 (rather than S) stimulus sites tested 
on a single forearm during the course of an experimental session. 
Experimental protocol 
EXPERIMENT 1. Each subject participated in five experimental ses-
sions, spaced between 1 and 6 days apart. To assess the temporal 
evolution of perception and sensory-discriminative ability, subjects 
perfonned a temperature-discrimination task (see Fig. l) repeated 
during each training session. In each trial, the temperature increased to 
a 4-s plateau (TI = 3SSC in innocuous trials, 47.5°C in painful 
trials) from which the comparison temperature was presented (T2, 2 s) 
before retuming to baseline. Based on preliminary studies, four 
increments of temperature change (!lT = T2 - Tl) were chosen for 
each condition (innocuous condition, !lTs = O.O,O.S, 1.6, and 3.2°C; 
noxious condition, !lTs = 0.0, 0.3,0.6, and 1.2°C). Each experimen-
tal session consisted of four blocks of 16 painful trials and four blocks 
of 16 innocuous trials. !lTs and stimulation sites were counterbal-
anced within each 16-trial block, and blocks of noxious and innocuous 
stimuli were altemated between the two foreanns. 






The subjects' task was to detect T2 and compare it to TI by 
pressing the appropriate mouse button (Ieftlright, T2 "same as"l 
"different from" Tl, respectively). Four seconds were allowed for the 
response, starting from retum of the temperature to baseline. Feed-
back (correctlincorrect) was provided after each trial. Responses and 
response latencies were recorded. A subjective numerical rating of 
overall pain intensity was requested at the end of each block on a pain 
intensity scale, relative to its defined extremes (0: no pain, 100: 
extremely intense pain) and intennediate measures (25: slightly in-
tense, 50: moderately intense, 75: very intense}-slightly modified 
from Rainville et al. (1992). 
EXPERIMENf 2. Duration and presentation of stimuli were similar to 
those of ex periment 1. To better equate the difficulty of the noxious 
and innocuous tasks in this second experiment, a smaller range of 
temperatures (!lTs = 0, 0.6, 1.2, and 2.4°C.) was chosen for the 
innocuous task. Only one forearm was stimulated on training sessions 
1-4; the opposing forearm was stimulated on day 5, using the same 
psychophysical task. Stimulation of left and right foreanns was 
counterbalanced across the 10 subjects. 
To simplify the same/different discrimination task in ex periment 2, 
the subject was asked to respond as soon as possible to any detected 
increase from TI to T2 by pressing a mouse button. Thus a detection 
button-press corresponds to an implicit "different" response, whereas 
the absence of a detection button-press corresponds to an implicit 
"sarne" response. Responses occurring earlier than 200 ms after the 
onset of T2 were disallowed (insufficient time for the subject to have 
detected a real temperature change); those made >4 s after retum of 
the temperature to baseline were considered too late and not included 
in the analysis. Regardless of the subject's response, stimuli continued 
for the full duration of the stimulus period, to maintain a standard 
basis from which to judge the perceptual qualities of stimulation. 
Blocks of innocuous and noxious stimuli were presented altemately. 
After each trial in the first block of each condition, and at the end of 
every block, subjects were asked to evaluate pain intensity, wannth 
intensity, and pain unpleasantness. The pain intensity scale was 
identical to that used in experiment 1; the wannth intensity scale was 
graded from 0 (no sensation) to 100 (extremely intense, not quite 
painful) with intennediate marks at 25 (slightly intense), 50 (moder-
ately intense) and 75 (very intense); and the pain unpleasantness scale 
was graded from 0 (not at all unpleasant) to 100 (extremely unpleas-
ant), with intennediate marks at 25 (slightly unpleasant), 50 (moder-
ately unpleasant) and 75 (very unpleasant). 
AG. 1. Time course of events in the temperature discrimi-
nation lask for experiments'l and 2. 
~ ________ ~IF::bfkl 
Res",'",c W,ml,," 
GO (correct deleelion ofT2) 
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Data analysis 
SENSORY-D1SCRIMINATIVE ABILITY. Same/different responses were 
categorized as hits (correct responses: different when tr..T > DoC) or 
false alanns (different when tr..T = O°C). For each session, the 
percentage of hits and false alanns (FA = 100% - correct responses 
at tr..T = O°C) was calcuIated for every tr..T. Discriminative ability 
("discriminability", A') was calculated with signal detection theory 
(Brown Grier 1971), according to the following formula 
A' = 0.5 + [(y - x)(1 + y - x)/4y(1 - x)] 
where x = FA rate and y = hit rate. Discriminability is random when 
A' is equal to 0.5 and is maximal when equal to 1. 
Response speed was obtained by calculating the inverse of correct 
response latencies (measured in ms), multiplied by 1000, yielding a 
value of 1 for a latency of 1 s, and values from 0.25 to 5.0 for latencies 
of 4 s to 200 ms. The median response speed was calculated for every 
tr..T. 
RATINGS. Mean daily ratings for each condition were obtained by 
averaging those given after each block within each training session. 
Individual trial ratings in the first block of each condition in experi-
ment 2 were averaged across tr..Ts in every session. 
Statistics 
Performance, discriminability, and subjective ralings were com-
pared across stimulus conditions (wann vs. heat pain), tr..Ts, and 
sessions, using ANOV A with repeated measures by subjects. In 
ex periment 2, neither the main effect of block nor any interaction with 
this variable was observed in our analyses of subjective ratings. 
Therefore the block variable was eliminated, and results of ANOV As 
in each condition are presented with ratings averaged across the four 
blocks. Planned Student's t-tests were also used to examine specific 
differences. 
RESULTS 
In ex periment l, one male subject did not finish the exper-
iment because a thermode calibration problem resulted in 
temperatures outside the predetermined range; hence all anal-
yses for the first experiment were carried out on a total of Il 
subjects. In ex periment 2, during the first session, two subjects 
failed to meet the minimum criterium for subject ratings (Le., 
mean :s; 10% for the maximum level stimuli): one subject felt 
only weak or no pain for the strongest stimulus intensities, 
whereas the second subject showed low and inconsistent rat-
ings of warmth stimuli. These two subjects were therefore 
excluded from the analysis of ratings in which they specifically 
showed Hoor effects (mean !st-session ratings were too low to 
allow an unbiased test of a 2-tailed hypothesis for changes in 
perception). Hence nine subjects were included in the rating 
analyses of each condition in ex periment 2. However, because 
these 2 atypical subjects did not show abnormaI performance 
levels, aIl JO subjects were included in the performance anal-
yses. 
Stimulus-response characteristics 
SENSORY-DlSCRlMINATIVE ABIUTY. We first assessed the sub-
jects' ability to attend to and detect small changes in thermal 
intensity. In both experiments 1 and 2, the magnitude of the 
change in temperature (A1) had a highly significant effect on 
the percentage of detected Ars, the discriminability index A 
(Brown-Grier 1971), and the response speed in both the nox-
ious and the innocuous conditions (ANOVAs, all Ps < 0.(01). 
Neither Hoor nor ceiling effects were present as discriminabil-
ity increased significantly at each AT (see Fig. 2; t-test, all P < 
0.004). These results provided the necessary validation of the 
experimental task and ensured that subjects closely attended to 
the stimuli in both experiments. 
RATINGS OF WARMTH AND PAIN. Although no ratings of indi-
vidual stimuli were collected during ex periment l, results of 
the discrimination tasks suggest that different intensities of 
innocuous and noxious T2 stimuli were perceived as increas-
ingly more intense than the respective Tl standards as indi-
cated by the increased ease of discriminability over the full 
range of stimulus intensities presented within each task (de-
scribed in the preceding text). This interpretation was tested in 
ex periment 2, where subjects rated warmth, pain intensity, and 
pain unpleasantness after each stimulus in the tirst block of 
trials presented during the two conditions of each experimental 
session. ANOV A analyses confirmed a significant effect of 
stimulus intensities on ratings in the two tasks (Fig. 3; F > 
50.0, P < 0.(01), thus providing additional validation of the 
rating procedure. 
To assess the subjects' capacity to distinguish sensory from 
affective aspects of pain, we tested for differences between 
ratings of pain intensity and unpleasantness. The subjects' 
evaluations of individual stimuli during the first block of trials 
of each experimental session showed that the perception of 
pain unpleasantness was consistently lower than that of pain 
intensity (F = 6.4, P < 0.05). Likewise, global evaluations 
recorded at the end of each block also indicated a significant 
difference between ratings of pain intensity and unpleasantness 
(F = 5.1, P = 0.05). These results are consistent with previous 
psychophysical studies showing systematic differences be-
tween sensory and affective aspects of phasic thermal pain 
(Price et al. 1992; Rainville et al. 1992) and confirm the 
subjects' understanding of the meaning of the two pain dimen-
sions and their efforts to rate them separately. 
Training-related changes in pain and warm ratings 
AlTENUATION (EFFECTS OF REPEATED EXPOSURE). Experiment 1. 
In the first experiment. ratings of pain intensity markedly 
decreased with successive experimental sessions (Fig. 4A; F = 













ATI AT2 AT3 
4T ("CI 
FIG. 2. Mean:!: SE discriminability across experiments 1 and 2 for the 
noxious and innocuous range. Higher Ars led to higher discriminability 
(combined analysis: F = 162.5. P < 0.001; separate analyses of the different 
tasks in the 2 experiments: F> 40.0, P < 0.001). 
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FlG. 3. Mean ± SE ratings of pain (A; intensity: .; affect: 0) and wannth 
intensity (B) for the 4 different stimulus magnitudes used (&1'0-3) in experi-
ment 2. IndividuaI triai ratings confirmed that larger &1'5 led to higher wann 
(F = 50.2, P < 0.001), pain intensity (F = 70.2, P < 0.001), and unpleas-
antness ratings (F = 70.8, P < 0.001). 
7.0, P < 0.001). Ratings declined between sessions 1 and 2 
(t-test, t = 4.5, P < 0.005) and stabilized thereafter (Fig. 4A; 
ANOV A day 2-5: P = 0.7). These results indicate that re-
peated exposure to the stimuli resulted in a significant attenu-
ation of pain perception by the second experimental session 
and that this effect persisted for the rest of the 5-day training 
period. 
&periment 2. In the second experiment, ratings of innocu-
ous and noxious heat stimuli showed a robust and generaIized 
effect of attenuation to warmth, pain intensity, and pain un-
pleasantness across the tirst four sessions (Fig. 4, B and C, 
Table 1; warm: F = 6.0, P < 0.005; pain intensity: F = 6.5, 
P < 0.005; pain unpleasantness: F = 6.0, P < 0.005). Planned 
contrasts between sessions 1 and 4 confirmed the session-
related decrease ofboth warmth (t-test, t = 2.99, P < 0.01) and 
pain ratings (pain intensity: t = 4.1, P < 0.005; pain unpleas-
antness: t = 4.2, P < 0.005). Analysis of the individual trial 
ratings in each session's first experimental block suggested that 
the attenuation effect was consistent across ail âTs for the 
intensity ratings but not for the unpleasantness ratings, for 
which a âT*session interaction was observed (F = 2.3, P < 
0.05). Indeed, only the unpleasantness ratings for the larger 
âT (= 1.2°C) were subject to a significant attenuation, a 
result reflecting the trend toward stronger attenuation effects at 
larger âTs. 
These results cIosely replicate the attenuation of pain inten-
sity observed across successive experimental sessions in ex-
periment l, and extend those findings to incIude attenuation 
of both the unpleasantness of noxious thermal stimuli, as weil 
as the perception of warmth associated with innocuous heat 
stimuli. 
AlTENUATlON SPECIFICITY (EFFECfS OF TRANSFER). Noxious 
heat. The design of ex periment 2, in which the site of stimu-
lation was transferred to the opposite forearm for the final 
experimental session, allowed a direct evaluation of the possi-
ble spatial restrictions (or generality) of the perceptual attenu-
ation initially observed in ex periment 1. After the transfer of 
thermal stimuli to the opposite forearm in session 5 of exper-
iment 2, overall ratings of pain intensity and unpleasantness 
increased significantly compared with those of session 4 (Fig. 
4, Band C, Table 1; t-test of mean postblock ratings, pain 
intensity: t = 3.2, P < 0.01; pain unpleasantness, t = 2.6, P < 
0.05), retuming to levels indistinguishable from those reported 
in the initial baseline session (session 1 vs. session 5: pain 
intensity: t = 0.4, P = 0.67; pain unpleasantness: t = 0.06, 
P = 0.94). Analysis of the individual ratings obtained for each 
stimulus in the first block of each session also indicated that 
perception of pain intensity and unpleasantness during session 
5 was significantly greater than that of session 4 (main effect of 
session; intensity: F = 13.7, P < 0.01; unpleasantness: F = 
A 
2 3 







FlG.4. Evolution of the Mean :!: SE ratings across 5 successive sessions. A: 
changes in pain intensity observed in experiment J. B: changes in pain intensity 
(.), pain affect (</), and wannth intensity (C) observed in experiment 2. Pain 
intensity and affect ratings display similar patterns of statisticaI significance 
(*P < 0.05; NS: P > 0.7; see Table 1 for ail values). 
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TABLE 1. Results of the statistical tests for ex periment 2 evaluating effects of!J.T, training (sessions 1-4), and transfer (sessions 4 vs. 5) 
observed for ratings of warmth, pain intensity, and pain affect 
Effeet 








F = 50.2, P < O.lX)l* 
F = 7.4, P = 0.001* 
F = 2.9, P = 0.13 
F = 6.05, P = 0.003* 
1 = 1.97, P = 0.08 
Ratings 
Pain intensity 
F = 70.4, P < 0.001* 
F = 5.8, P = 0.004* 
F = 13.7, P = 0.006* 
F = 6.5, P = 0.002* 
t = 3.4, P = 0.01* 
Pain affeet 
F = 60.8, P < 0.001* 
F = 2.6, P = 0.07 
F = 10.9, P = 0.01* 
F = 6.0, P = 0.003* 
/ = 2.6, P = 0.03* 
Results are given separately based on ratings of different !J.Ts, obtained during individual trials of the first experimental black, and on the overall ratings 
obtained from the subjeets al the end of each experimental black; !J.T effeet: ANOVA on individual trial ratings in black 1 of ail sessions (1-5); Training: main 
effeet of session 1-4; Transfer: ANOV Al/-tests comparing sessions 4 vs. 5. 
10.9, P < 0.05) and indistinguishable from that observed 
during session 1. Overall, these results suggest a surprising 
absence of any generalization in the attenuation of pain per-
ception from the initial four training sessions, which focused 
on one foreann, to the fifth session, which involved the 
opposite foreann. 
Innocuous heat. During ex periment 2, ratings of wannth, 
evoked by innocuous heat stimuli, showed the sarne pattern of 
attenuation over the first four experimental sessions as did 
those of pain intensity and pain unpleasantness (F = 6.05, P = 
0.003). However, comparison of wannth ratings before and 
after transfer of the stimulation site to the opposite foreann 
revealed only a trend (perhaps due to increased variability of 
wannth ratings) toward the spatial specificity of the attenuation 
effects noted with noxious stimuli (t-test, session 4 vs. session 
5, t = 1.97, P = 0.08). 
DISCUSSION 
In this study, we found clear evidence of experience-related, 
long-term attenuation of both the intensity and the unpleasant-
ness of pain. More importantly, we observed a surprising 
spatial specificity of the attenuation affects for both these 
sensory and affective aspects of pain perception. 
Psychophysical considerations 
Long-term attenuation of the perception of thermal stimuli 
was consistently observed across experiments and across sub-
jects as indicated by decreasing estimates of pain and wannth 
from day 1 to day 5 in the first experiment and from day 1 to 
day 4 in the second experiment. Few previous studies had 
exarnined potential changes in the perception of experimental 
pain over long periods of time (days or weeks) , and those 
results were largely variable and inconsistent. 
Greenspan and McGillis (1994) described evidence of pain 
attenuation over a period of severa! experimental sessions, 
revealed as a trend toward increased pain thresholds for nox-
ious mechanical stimulation; however, inter-subject variability 
prohibited statistically significant effects when measured 
across the entire group of subjects. Yarnitsky et al. (1995) 
found a significant between-session decrease in heat pain 
thresholds when measured on the thenar area of the hand but 
subsequently reported an increase in pain threshold using a 
similar paradigm in a new group of subjects (Yarnitsky et al. 
1996). More recently, Rosier et al. (2002) described a study in 
which subjects' pain sensations were assessed across four 
sessions conducted 1 wk apart; but in contrast to our findings 
of attenuation, Rosier et al. observed variable responses arnong 
subjects and between measurement scales. 
Severa! factors may have contributed to the consistency of 
our results and the significant attenuation seen in our own two 
studies, compared with the variable results reported in previous 
studies. To reduce spurious effects of environmental factors, all 
our experiments were conducted in a thermostatically con-
troIled, anechoic testing charnber. Additionally, we addressed 
problems in scaling reliability, noted by Rosier et al. (2002), by 
using numerical rating scales anchored by both terminal and 
intermediate verbal descriptors. This combined category-ratio 
scaling method was first described by Marks et al. (1983), who 
demonstrated its use in reducing variability and response bias. 
We have previously used these scales for minimizing both 
inter-subject and between-session variability in ratings (Rain-
ville et al. 1992) and further validate the procedure here for 
wannth, pain intensity, and unpleasantness ratings (Fig. 3; F > 
50.0, P < 0.001). The most important difference between our 
studies and those noted in the preceding text may be our use of 
a psychophysical discrimination task to avoid an overt focus on 
pain ratings, per se. Active involvement in a discrimination 
task may help in stabilizing the subjects' level of attention; 
likewise, pain evaluations elicited within the context of a 
discrimination experiment may reduce the potential for bias, 
which is inherent to experiments the sole purpose of which is 
to monitor pain perception. Fmally, assuming that perceptual 
attenuation reflects changes in neuronal processing, then intense 
psychophysica1 training-rather than periodic ratings-rnay be 
more likely to produce systematic changes in pain perception. In 
primate studies, the active engagement of perceptual processes in 
the context of sensory-discriminative training with vibrotactile 
stimuli bas been shown to promote plastic changes within CNS 
regions involved in the encoding of that afferent sensory infor-
mation (Buonomano and Menenich 1998). In our studies, en-
gagement in an attention dernanding therrnal-discrimination task 
may have facilitated a neuronal plasticity leading to the perceptual 
attenuation of pain. 
Neuronal correlates of attenuated pain ra-tings 
A long-term reduction or attenuation of thermal pain sensa-
tion most Iikely reflects a decrease in the activity of cerebral 
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areas implicated in the encoding of pain intensity (see Coghill 
et al. 1999,2001,2003; Derbyshire et al. 1997); however, one 
cannot mIe out the possibility that such modulation in cerebral 
activity is in part a reflection of changes in afferent activity 
through peripheral or spinal nociceptive pathways. The ab-
sence of a generalization of the attenuation to the opposite arm 
suggests that the process underlying pain attenuation likely 
occurred in cerebral areas that show lateral specificity and/or 
sorne degree of somatotopic organization. Using stimulation 
sites and temperatures similar to those of our present study, 
Coghill et al. (2001) demonstrated that pain intensity-related 
activation of somatosensory and insular cortices was restricted 
to the side contralateral to the site of stimulation, a finding 
replicated by Bingel and colleagues (2003) and extended to 
lateral thalamus. Numerous studies have implicated SI in the 
sensory-discriminative aspect of pain perception (Bingel et al. 
2003; Kenshalo 1991; Kenshalo and Isensee 1983; Kenshal0 et 
al. 1988, 1989; Ploner et al. 1999; Timmermann et al. 2(01), 
and the small contraIateral receptive fields of nociceptive 
neurons described in primate SI (Kenshalo et al. 2(00) are 
consistent with the possibility that functional plasticity in this 
area may have contributed to the spatially specific attenuation 
affects observed in our study. 
Our results also show that the emotional aspect of pain was 
subject to attenuation. A reduction in the emotional impact of 
a stimulus has previously been observed in the treatment of 
phobia. Exposure therapy, the aim of which is the extinction or 
attenuation of fear and anxiety through repeated exposure to 
the phobic stimulus, has proven efficient in reducing self-
reported anxiety in spider phobia (de Jong et al. 2(00) and fear 
of flying (Maltby et al. 2(02). Cerebral structures involved in 
emotional processing have likewise displayed attenuation after 
repeated exposure to phobic (paquette et al. 2(03) or emotion-
ally salient visual stimuli (Breiter et al. 1996; Phan et al. 2003; 
Wright et al. 2(01). However, these effects are generally 
found bilaterally (e.g., amygdala and hippocampus) or lat-
eralized to one hemisphere within structures involved in the 
attentional or emotional processing of stimuli (e.g., anterior 
cingulate or prefrontal cortices), independent of their posi-
tion in the visual field. 
Interestingly, in the present study the attenuation of pain 
affect was spatially specific rather than bilateral. One explana-
tion for the similar evolution of intensity and affect ratings in 
our study could be the difficulty in separating these two pain 
dimensions-both psychophysically and functionally. How-
ever, we and others have previously shown that pain intensity 
and affect are indeed two distinct and dissociable facets of the 
pain experience (Price 2000; Rainville et al. 1992, 1999), even 
though their magnitudes are often strongly correlated. In the 
present study, the consistent difference observed between rat-
ings of intensity and affect indicate that subjects were able to 
discriminate these two aspects of the pain experience. Al-
though cerebral areas c1assically associated with pain affect 
(e.g., medial thalamus, insula and cingulate cortex) often ex-
hibit bilateral pain-evoked activity (see. for example, Bingel et 
al. 2(03), one can nevertheless interpret our findings of spa-
tially selective affect in accordance with a direction of causa-
tion between pain intensity and pain affect established by 
Rainville et al. (1999) and the seriaI and parallel pain pathways 
proposed by Price (2000). In our study, it is plausible that the 
temporal changes in pain unpleasantness may have been a 
direct consequence of attenuation of pain intensity rather than 
reflecting an independent modulation of activity within the 
structures subserving pain affect. ConsequentJy, acçording to 
this unidirectional relationship between the two, the evolution 
of pain affect would accompany that of pain intensity, follow-
ing both its temporal and spatial properties of attenuation. 
Attenuation to innocuous warmth 
In the innocuous heat condition, evaluations of warmth 
intensity demonstrated a significant attenuation across the first 
four experimentaI sessions but failed to show a significant 
reversai of attenuation after change of the stimulation site in 
the fifth session. However, considering the evaluations of 
warmth c10sely mirrored the ratings of pain and showed a 
strong trend (P = 0.08) on day 5 toward returning to preat-
tenuation values, one cannot conclude that the processes sub-
serving attenuation within the two modalities are entirely 
independent. Our failure to document a significant spatial 
specificity for attenuation of warmth perception may be ex-
plained by the substantial inter-individual variability in the 
ratings of warmth perception, perhaps reflecting the subjects' 
difficulty to rate warmth intensity consistently. Alternatively, 
innocuous thermal stimuli may, indeed, activate a range of 
brain areas with a weaker lateralization bias, which could lead 
to a more generalized attenuation affect. Future studies will be 
required to c1arify this issue. 
Conclusion 
This study investigated attenuation in heat pain perception. 
Both sensory and affective components of pain showed atten-
uation, and it was highly specific to the repeatedly exposed 
body side. We suggest that the probable plasticity underlying 
these perceptual changes occurred in brain areas that display at 
least a contraIateral bias if not a strict pattern of contraIateral 
activation. We also suggest that attenuation of pain unpleas-
antness is the result of a seriai interaction of the lateral and 
medial pain systems. In addition, these results give support to 
the exploration of noninvasive, medication-free therapies for 
the relief of pathological pain, through behavioral manipula-
tions (FIor et al. 1995, 2(01) designed to induce adaptive 
plastic changes within the nociceptive system. 
ACKNOWLEDOMENTS 
We express our appreciation 10 the volunleers for their commitmenl and 
reliability and 10 L. Ten Bokum for lechnical support. 
ORANTS 
This work was supported by grants from Canadian Institutes of Health 
Research. National Sciences and Engineering Research Council. and Quebec 
Fonds Pour la Formation de Chercheurs el l'Aide li la Recherche. 
REFERENCES 
Becerra LR. Breiter HC, StoJanovic M, Fishman S, Edwards A, Comite 
AR. Gonzalez RG, and Borsook D. Human brain activation under con-
trolled thermal stimulation and habituation to noxious heat: an fMRI study. 
Magn Reson Med 41: 1044-1057. 1999. 
Bingel U, Quante M, Knab R. Bromm B, Weiller C, and Buchel C. Single 
trial fMRI revea1s significanl contralateral bias in responses 10 laser pain 
within thalamus and somalosensory cortices. Neuroimage 18: 740-748. 
2003. 
Buonomano DV and Merzenich MM. Conical plaslicity: from synapses 10 
maps. Annu Rev Neurosci 21: 149-186. 1998. 

























ATIENUATION OF PAIN: EVIDENCE FOR CONTRALATERAL MECHANISMS 3515 
Brown Grier J. Nonparametric indexes for sensitivily and bias: computing 
formulas. Psychol Bull 75: 424-429, 1971. 
Breiter HC, Etcoff NL, Whalen PJ, Kennedy WA, Rauch SL, Budmer 
RL, Strauss MM, Hyman SE, and Rosen BR. Response and habituation 
of the human amygdala during visual processing of facial expression. 
Neuron 17: 875-887, 1996. 
Chudler EH, Anton F, Dubner R, and Kenshalo DR Jr. Responses of 
nociceptive SI neurons in monkeys and pain sensation in humans eliciled by 
noxious thermal stimulation: effecl of interstimulus interval. J Neurophysiol 
63: 559-569, 1990. 
Coghill RC, Sang CN, Maisog JM, and ladarola MJ. Pain intensily 
processing within the human brain: a bilateral, distributed mechanism. 
J Neurophysiol82: 1934-1943, 1999. 
Coghill RC, GUron l, and ladaroIa MJ. Heoùspheric lateralization of 
somalosensory processing. J Neurophysiol 85: 2602-2612,2001. 
Coghill RC, McHaftle JG, and Yen YF. Neural correlales of interindividual 
differences in the subjective experience of pain. Proc Natl Acad Sei USA 
100: 8538-8542, 2003. 
Dalton P. Psychophysical and behavioral characteristics of olfaclory adapta-
tion. Chem Senses 25: 487-492, 2000. 
Dalton P and Wysocld CJ. The nature and duration of adaptation following 
long-Ierm exposure 10 odors. Percept Psychophys 58: 781-792, 1996. 
de Jong PJ, Vorage I, and Tan den Hout MA. Counterconditioning in the 
treabJ\enl of spider phobia: effects on disgusl, fear and valence. Behav Res 
Ther 38: 1055-1069, 2000. 
Derbyshire SW, Jones AK, Gyulai F, Clark S, Townsend D, and Firestone 
LL. Pain processing during three levels of noxious stimulation produces 
differential patterns of central activity. Pain 73: 431-445, 1997. 
Fior H, EIbert T, Knecht S, Wienbruch C, PanteT C, Birbaumer N, LarbIg 
W, and Taub E. Phanlom-lirnb pain as a perceptual correlate of cortical 
reorganization following arm amputation. Nature 375: 482-484, 1995. 
Fior H, Denke C, Scbaefer M, and Grusser S. Effecl of sensory discrioù-
nation training on cortical reorganisation and phanlom Iimb pain. Lancet 
357: 1763-1764,2001. 
Gallez A, Albanese M-C, Rainville P, and Duncan GR. Training-Related 
Changes in Thermal Discrimination, Canadian Pain Society Annual Con-
ference, Toronlo 2002. 
Gallez A, Rainville P, and Duncan GR. Habituation 10 heat pain: evidence 
for somalotopic specificity. Soc Neurosei Abstr 261.4,2003. 
Greenspan JO and McGiUIs SL. Thresholds for the perception of pressure, 
sharpness, and mechanically evoked cutaneous pain: effects of 1aterality and 
repeated testing. Somatosens Mot Res Il: 311-317, 1994. 
Hollins M, Gobie AK, Whitsel BL, and Tommenlahl M. Time course and 
action spectrum of vibrotactile adaptation. Somatosens Mot Res 7: 205-221, 
1990. 
Kenshalo DR Jr. In: Cerebral Conex, Normal and Altered States of Function, 
edited by Peters A and Jones EG. New York: Plenum, 1991. 
Kenshalo DR Jr, Anton F, and Dubner R. The detection and perceived 
intensity of noxious thermal stimuli in monkey and in human. J Neuro-
physiol 62: 429-436, 1989. 
Kenshalo DR Jr, Chudler EH, Anton F, and Dubner R. SI nociceptive 
neurons participate in the encoding process by which monkeys perceive the 
inlensity of noxious thermal stimulation. Brain Res 454: 378-382, 1988. 
Kenshalo DR Jr and Isensee O. Responses of primate SI cortical neurons to 
noxious stimuli. J Neurophysiol 50: 1479-1496, 1983. 
Kenshalo DR, Iwata K, Sholas M, and Thomas DA. Response properties 
and organization of nociceptive neurons in area 1 of monkey primary 
somatosensory cortex. J Neurophysiol 84: 719-729, 2000. 
Maltby N, Kil'!lCh I, Mayen M, and Allen GJ. Virtua1 reality exposure 
therapy for the treatment of fear of ftying: a controlled investigation. J 
Consult Clin Psychol70: 11\2-1118,2002. 
Marks LE, Borg G, and Ljungren G. Individual differences in perceived 
exertion assessed by two new methods. Percept Psychophys 34: 280-288, 
1983. 
Paquette V, LeTesque J, Mensour B, Leroux JM, Beaudoin G, Bourgouin 
P, and Beaurepnl M. "Change the oùnd and you change the brain": 
effects of cognitive-behavioral therapy on the neural correlates of spider 
phobia. Neuroimage 18: 401-409, 2003. 
Phan KL, Uberzon I, Weisb RC, Brillon JC, and Taylor SF. Habituation 
of rostral anterior cingulate cortex to repeated emotionally salient pictures. 
Neuropsychopharmacology 28: 1344-\350,2003. 
Ploner M, Freund ru, and SchnItzler A. Pain affect without pain sensation 
in a patient with a postcentrallesion. Pain 81: 211-214, 1999. 
Priee DO. Psychological and neural mechanisms of the affective dimension of 
pain. Seience 288: 1769-1772,2000. 
Priee DO, Hu JW, Dubner R, and Graœly RH. Peripheral suppression of 
tirst pain and central summation of second pain evoked by noxious heat 
pulses. Pain 3: 57-68, 1977. 
Priee DO, Mc:Har8e JG, and Stein BE. The psychophysical anributes of 
heat-induced pain and their relationships to neural mechanisms. J Cogn 
Neurosci 4: 1-14, 1992. 
Rainville P, Carrier B, Holbauer RK, BushneII MC, and Duncan GR. 
Dissociation of sensory and affective dimensions of pain using hypnotic 
modulation. Pain 82: 159-171, 1999. 
Rainville P, Feine JS, BushneII MC, and Duncan GH. A psychophysical 
comparison of sensory and affective responses to four modaIities of exper-
imental pain. Somatosens Mot Res 9: 265-277, 1992. 
Rosier EM, lacIaroIa MJ, and Coghill RC. Reproducibility of pain measure-
ment and pain perception. Pain 98: 205-216,2002. 
Tbeunissen MJ, Kroeze JH, and SchHrentein UN. Method of stimulation, 
mouth movements, concentration, and viscosity: effects on the degree of 
taste adaptation. Percept Psychophys 62: 607-614, 2000. 
Thompson RF and Spencer WA. Habituation: a model phenomenon for the 
study of neuronal substrates of behavior. Psychol Rev 73: 16-43, 1966. 
Tlmmennann L, PIoner M, Haueke K, Schmitz F, Baltissen R, and 
SchnItzler A. Differential coding of pain intensity in the human primary and 
secondary somatosensory cortex. J Neurophysiol 86: 1499-1503, 2001. 
Valerlani M, de Tommaso M, Restncda D, Le Pera D, Guido M, Iannetti 
GD, Ubro G, Troini A, Di Trapanl G, Puœ F, Tonall P, and Cruccu G. 
Reduced habituation to experimental pain in oùgraine patients: a C0(2) 
laser evoked potential study. Pain 105: 57-64, 2003. 
Wright CI, Fischer H, Whalen PJ, Mclnerney Sc, Shin LM, and Rauch 
SL. Differential prefrontal cortex and amygdala habituation to repeatedly 
presented emotional stimuli. Neurorepon 12: 379-383, 2001. 
Yamitsky D, Sprecher E, Zaslansky R, and HemU JA. Heat pain thresholds: 
normative data and repeatability. Pain 60: 329-332, 1995. 
yarnitsky, D, Sprecher, E, Zaslansky, R, and HemU, JA. Multiple session 
experimental pain measurement. Pain 67: 327-333, 1996. 
J Neurophysiol • VOL 94 • NOVEMBER 2005 • www.jn.org 
